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i A 

BACKGROUND IN- 
FORMATION ON GPS AND 
GLONASS 


Next to the amateur radio satellites, the 
most interesting satellites are weather 
satellites. Radio amateurs have already 
succeeded in building equipment to 
receive images from all known weather 
satellites and for all transmission stan- 
dards in use, and it was also radio 
amateurs who were the first to receive 
TV satellite signals, using particularly 
small aerials, some time before these 
became mass-produced articles, 


It is already more than 30 years since 
the first navigation satellites were 
launched into the cosmos. But it is only 
in the last few years that satellite 
navigation and positioning have 


become really popular, with the in- 
troduction of more reliable, more accur- 
ate and more user-friendly systems, 
such as the American Global 
Positioning System (GPS) and the 
Russian GLObal NAvigation Satellite 
System (GLONASS). 


Each system will eventually replace a 
whole range of ground-supported nav- 
igational aids. As a useful by-product, 
they give anyone with the right equip- 
ment a very precise time base (100ns) 
and a very accurate frequency (10 !2). 


Originally both systems, GPS and 
GLONASS, were designed for military 
purposes. But since then there have 
been considerably more civilian than 
military users. 


GPS navigation receivers (soon to be 
joined by combined GPS/GLONASS 
receivers) can be manufactured to be as 
handy, user-friendly and favourably 
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priced as modern portable radio sets. 


These pieces of equipment can measure 
their three-dimensional position with an 
accuracy of app. 50 metres at any point 
on the Earth’s surface, So these sets are 
of interest, not only to leisure-time 
pilots, lorry drivers or mountaineers, 
but to radio amateurs too! 


Apart from the challenge of building 
your own satellite receiver, radio am- 
ateurs can also put GPS and GLONASS 
signals to other uses. Probably the 
simplest application for a GPS or 
GLONASS receiver is to use it as a 
high-precision frequency source. Exact 
timing and synchronisation can be used, 
for example, for modem transmission 
techniques, or for precise experiments 
concerning the propagation path and 
the propagation mechanisms of radio 
waves. 


Finally, this system can also be of use 
in the positioning and alignment of 
high-gain microwave aerials. 


This article will be split into several 
parts: I shall begin by describing the 
satellites themselves and their radio 
signals. Next will come a description of 
the way a GPS or GLONASS receiver 
works. This will be followed by assem- 
bly instructions for a DIY GPS or 
GLONASS receiver, together with an 
explanation of the operational software. 


These receivers can be built in two 
versions - as independent portable re- 
ceivers with a small keyboard and a 
liquid crystal display screen, or as 
add-ons with plug-in modules for the 
DSP computer (1) (2). 
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2. 
DESCRIPTION OF GPS & 
GLONASS SYSTEMS 


2.1. Radio navigation background 


Like all areas of electronics and radio 
engineering, radio navigation is 
developing very fast. 


The basis on which all radio navigation 
systems operate is that extensive 
research has been done into the prop- 
agation mechanisms of radio waves, 
and that the propagation speed of radio 
waves is normally close to the speed of 
light in free space. Systems working 
with radio waves normally have a 
sufficiently extensive range to make it 
meaningful to use them for determining 
locations, speeds and positions. 


In the end, all measurements involving 
radio waves, whether we're talking 
about position finding, and therefore 
directional search, measuring running 
time, phase measurement or the meas- 
urement of the Doppler frequency shift, 
can be carried out - on the user’s side, 
al least - using simple and reasonably- 
priced technical aids. 


Earlier radio navigation systems made 
use of the directional effect of the 
receiver aerial, the transmitter aerial, or 
both. In both kinds of system, the main 
cause of measurement errors was the 
lack of precision in the alignment 
characteristic of the aerial. Since the 
measured variable consists of an angle, 
the positional error increases linearly 
with the distance of the user from the 
position of the navigational reference. 
These systems are therefore very much 
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Fig.1: The Principle of Hyperbolic Navigation 


limited with regard to their capability 
of use - in their range or precision, so 
to speak. They are, of course, out- 
standingly suitable for one application - 
getting the user to a specific point, for 
example guiding an aircraft onto the 
runway by means of an instrument 
landing system (ILS). 


Time and frequency are definitely the 
physical variables which can be meas- 
ured with the greatest accuracy. If the 
propagation speed and propagation con- 
ditions of specific radio waves are 
known, the distance can be calculated 
in the simplest way by measuring the 


running time. The absolute precision of 
such distance measurements just does 
not depend on the order of magnitude 
of the distance to be measured, irresp- 
ective of the uncertainties of the prop- 
agation speed of the radio waves used 
on this path. 


For this reason, all high-precision radio 
navigation systems which are suitable 
for long distances are based on meas- 
urements of running time or path 
difference and/or on the derivatives of 
these variables in relation to time, also 
known as the Doppler frequency shift. 
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The simplest way to determine the 
distance to a known location is to 
install a converter there, transmit a 
signal and measure the running time 
until the response signal is received. 
Although systems of this kind are 
indeed in use (e.g. DME for civil 
aircraft), they do have their limitations, 
since each user has to have a 
transmitter as well as a receiver. 


In the civilian sector, this system has 
the additional disadvantage that the 
equipment has to be licensed, and the 
military try and avoid transmission as 
much as possible, so as not to give 
away their position, which must be kept 
secret. But the biggest handicap is that 
only a limited number of people can 
use this system, for the simple reason 
that they can only use it one at a me. 


As regards the user side, we could do 
without the transmission equipment if 
we could use some other means to 
achieve and maintain the synchron- 
isation of the two sides. 


For example, both sides, the user and 
the navigation transmitter, could be 
equipped with high-precision time stan- 
dards, ¢.g. an atomic clock. The user 
would merely have to synchronise his 
or her clock at a known location, and 
then take this clock to the unknown 
location as an aid to measuring the 
running time. 


But since atomic clocks are a little 
clumsy and expensive, we need to find 
a considerably simpler solution, which 
needs nothing but a receiver. 


Such a system must consist of a whole 
series of synchronised transmitters, as 
shown in Fig. 1, 
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However, since the precise time is not 
known on the receiver side, we can not 
measure either the delays or the dist- 
ances dl, d2, d3, etc. to the transmitters 
TX1, TX2, TX3, etc. directly. We can 
measure only the varying arrival times 
of the different transmission signals. 
These time differences directly corres- 
pond to the differences in distance. 


The multitude of points for a given 
distance difference for two preset points 
produce a hyperbola (looked at in two 
dimensions) or a hyperboloid (looked at 
in three dimensions). Here the two 
transmitters are in the foci of the 
hyperbola (or the hyperboloid). 


For two-dimensional navigation (lo- 
cation-finding), signals must be re- 
ceived from at least three synchronised 
transmitters. For example, the hyper- 
bola dl - d2 = const. 12 can be plotted 
directly on a map from the difference in 
the running times measured for TX1 
and TX2. The hyperbola d2 - d3 = 
const, 23 can be _ plotted 
correspondingly on the map from the 
difference in the running times meas- 
ured for TX2 and T'X3. The intersection 
point of the two hyperbolas is the 
unknown location of the user! 


For three-dimensional navigation, 
signals must be received from at least 
four synchronised transmitters. The 
three different running time differences 
then give three hyperboloids. The 
surfaces of two hyperboloids intersect 
in a curved line, which intersects with 
the surface of the third hyperboloid at a 
single point. This corresponds to the 
three-dimensional position of the user. 
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Should even more transmitters be 
available, we can seek out the three or 
four transmitters which give hyperbolas 
(hyperboloids) which intersect almost at 
right angles. The remaining transmitters 
can then be brought in to check for 
possible errors or ambiguous solutions, 
since curved lines and surfaces can 
produce more than one point of interse- 
ction. 


Hyperbolic navigation systems were 
originally structured as  ground-sup- 
ported systems in the medium and 
long-wave ranges, e.g. Loran, Decca or 
Omega. But since these systems operate 
from the ground upwards, no three- 
dimensional position-finding can be 
carried out - only a reliable determi- 
nation of geographical latitude and 
longitude. For it to be possible to 
measure the height as well, a 
transmitter must be as far above or 
below the receiver as possible, or at 
least outside the horizontal plane of the 
user. 


Radio navigation systems installed on 
the ground use relatively low fre- 
quencies of the radio spectrum to obtain 
as wide a range as possible, and 
simultaneously to avoid undefined 
propagation through space waves. For 
example, Omega uses a frequency ra- 
nge between 10 and 14 kHz, and thus, 
using only eight transmitters, covers the 
entire surface of the Earth! 


Longwave navigation systems were 
developed at a time when digital 
computers were not easily available. 
And navigation on two planes, using 
transmitters at fixed locations, requires 
only a minimum of calculation from the 
user. Moreover, the multiplicity of 
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hyperbolas for each transmitter pair, 
including the necessary corrections for 
propagation anomalies, can be plotted 
directly for use on corresponding maps. 


One of the first applications for artifi- 
cial satellites was radio navigation. 
Naturally, for their part, artificial satel- 
lites needed radio navigation too, in 
order to estimate the power of the 
carrier rockets and determine the satel- 
lite’s final orbit. Moreover, space is an 
ideal location for navigational 
transmitters - firstly, an enormous range 
is available for VHF and for the higher 
frequencies, and secondly the prop- 
agation of the radio waves is calculable 
and the influence of the continuously 
changing ionosphere is insignificant. 
Finally, the locations of the navigation 
transmitters in space can be selected in 
such a way that three-dimensional 
position-finding is possible all over the 
world, 


Since originally satellites could be used 
only in near-Earth orbits, the first 
navigation satellites, such as the Ameri- 
can Transit satellites or their Soviet 
counterpart, Cicada, were launched into 
low Polar orbits (about 1,000 km. up). 
Since a satellite in a near-Earth orbit 
travels along its path very quickly, even 
a single satellite can be made use of for 
position-finding. The accuracy of a 
quartz watch is sufficient to measure 
the few minutes required by a satellite 
for an overflight. The change in the 
satellite’s position roughly corresponds 
to a quantity of transmitters at various 
points along its flight path. 


In practise, we measure the Doppler 
shift of the satellite signal for a certain 
time and then use the satellite path data 
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Navigation Equation for calculating Doppler Shift Differential; 
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*1 Relative 


speed of TX; 
Cc: fy *2 Relative 
fo speed of TX; 


di, 
Distance to TX; 


d u 
Distance to TX; 


Fig.2: Equations for the Calculation of Running Times and Doppler Shift 


to calculate our own unknown position. 
Although only a single satellite is 
needed to determine a position, these 
systems usually consist of from six 
satellites (Transit) up to twelve, in 
order to cover the surface - after all, a 
satellite in a low orbit is visible from 
the Earth’s surface only for a certain 
period of time. And since the 
ionosphere has a certain influence on 
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radio waves in the VHF and UHF 
ranges, both systems - the American 
and the Soviet satellites - operate on 
two frequencies, at 150 MHz and at 
400 MHz. The actual frequencies are in 
the exact ratio 3/8 and the transmitters 
are kept phase-synchronised, so that the 
influence of the ionosphere can be 
balanced out. 
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The most serious disadvantage of nav- 
igation satellites in low orbit is the fact 
that we have to wait for a satellite to 
fly over, and we then need several 
minutes for the measurement. Finally, 
our own speed and course must be 
known precisely, so that they can be 
taken into account in determining our 
position. Several satellites are needed 
for a position to be determined very 
rapidly. If at least four satellites are 
visible at various points in the sky, our 
own location can be determined im- 
mediately as regards longitude, latitude 
and height, without having to wait for 
the satellites to move through the sky. 


To keep the number of satellites re- 
quired as low as possible, they must be 
put into higher orbits. The American 
GPS satellite navigation system and the 
Soviet GLONASS system are intended 
eventually to cover the entire surface of 
the Earth, cach having 24 satellites, 
including reserve satellites in space. 
At least four of the satellites from 
either system should be visible any- 
where on Earth, distributed over the sky 
in such a way as to make three- 
dimensional navigation possible. 


Nor should we forget the enormous 
amount of calculations required to carry 
out three-dimensional position-finding 
using satellites. The fact that the satel- 
lite’s position is constantly changing 
means a computer must be used. 


Perhaps this explains why satellite 
navigation is only now becoming pop- 
ular. Suitable satellites have indeed 
been available for thirty years - but 
reasonably priced computers have not. 


2.2. Equations for satellite navigation 


In order to understand satellite nav- 
igation systems (SNSs), we must first 
look at the mathematical background to 
satellite navigation. First we must 
define a co-ordination system. Most 
satellite navigation systems operate by 
means of a right-handed Cartesian co- 
ordinate system, like the one shown in 
Fig.2. The co-ordinate system is rigidly 
connected to the Earth and is thus a 
rotating co-ordinate system, and thus 
deviates from the inertia co-ordinate 
system for Kepler elements used for 
most satellites. 


The zero point of the co-ordination 
system normally lies in the centre of 
the Earth. The Z. axis corresponds to the 
rotational axis of the Earth and points 
to the North. The X and Y axes are in 
the plane of the Equator, with the Z 
axis pointing in the direction of the 
Greenwich meridian, whilst the Y axis 
is orientated in such a way that a 
right-handed orthogonal co-ordinate 
system is produced. 


Naturally it is also possible to convert 
the data into a more popular co- 
ordinate system, e.g. into degrees of 
latitude and longitude, plus height 
above sea level (height above surface 
of an ellipsoid). These conversion pro- 
cedures are always based on the final 
result, since most of the calculations 
required for position-determining in 
navigation receivers can be carried out 
considerably more easily in a Cartesian 
co-ordinate system. 


Finally, we should not leave out of our 
reckoning the fact that there are various 
co-ordinate systems in use with the 
same basic definition. Meanwhile, SNSs 
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Fig.3: Height and Angle of Inclination of Orbits of GPS and GLONASS 


Satellites 


have improved the absolute positioning 
accuracy until it is now within one 
metre, as a result of which the small 
discrepancies in the different local 
geographical co-ordinate systems be- 
come noticeable. Thus GPS uses the 
WGS-84 co-ordinate system and 
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GLONASS uses SGS-85. The 
differences between the two systems 
add up to a difference in position of 
about 10 m. in the East-West direction 
and the same in the North-South direc- 
tion for the author’s location in Central 
Europe. 
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If we use a vector representation, 
navigational equations can be expressed 
much more simply. Using a_ three- 
dimensional Cartesian co-ordinate sys- 
tem, it can easily be understood that an 
individual vector describes three in- 
dependent variables. 


The navigational equation for 
differences in running time consists 
merely of the area vectors which give 
the positions of the transmitters (satel- 
lites) and the receivers (users). The 
differences between users and satellites 
are calculated as absolute values from 
the area vector differences. On the 
other side of the equation stands the 
difference in running time measured, 
multiplied by the speed of propagation 
of radio waves (c). 


If the user’s location is unknown, which 
means the area vector is too, three 
variables of the scale are missing, and 
three independent running time 
difference equations have to be solved 
to calculate them. At least four 
transmitters (and thus four visible satel- 
lites) are needed to solve these three 
equations. The absolute value of a 
vector is a non-linear function, which is 
determined by calculating squares and 
roots. These equations are thus solved, 
either by numerical iteration or analyti- 
cally (3). 


A navigation equation for calculating 
the Doppler shift differential contains 
both area vectors and speed vectors. 
The speed differential for the Doppler 
frequency shift must be calculated first, 
so that the projection of the speed 
differential vector onto the direction of 
propagation of the radio waves can then 
be calculated. Vector projections are 


Az 

o 
calculated by determining the scalar 
product of two vectors. 


On the other side of the equation, we 
have the Doppler frequency shift as a 
dependent variable, the absolute value 
of which is obtained by dividing by the 
carrier frequency f,. The relative fre- 
quency differential can then be con- 
verted into speed values by multiplying 
the variable by the speed of prop- 
agation (c). 


The Doppler frequency shift navigation 
equations contain both the positional 
vector and the speed vector of the user. 
This can mean up to six unknown 
scalars. But since we normally do not 
have six independent equations, the 
following route can be taken: 


1. If the location is already known 
from the equations for calculating 
the running time difference, the 
user’s speed vector can be 
determined using three independent 
equations to calculate the Doppler 
frequency shift. 


2. If the user's speed vector is known, 


or if the user’s speed is zero (in 
Stationary operation), then the lo- 
cation can be determined using three 
independent equations for calculat- 
ing the Doppler frequency shift. 


3. Various combinations of the equa- 


tions for running time difference and 
Doppler frequency shifts are possi- 
ble. 


Apart from the visibility problem, the 
navigation equations impose additional 
restrictions and requirements on the 
orbital paths of the navigation satellites. 
The accuracy with which the location 
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or speed is finally determined depends 


on the construction of the equation 
system, 


If the equation system is badly selected, 
every measurement error appears en- 
larged even in the final result. In terms 
of geometry, a badly selected equation 
system is tantamount to having interse- 
ctions of lines and surfaces at very 
shallow angles. 


The impairment of accuracy due to an 
unsuitable equation system is referred 
to as GDOP (geometrical dilution of 
precision). Naturally, satellite orbits 
must be selected in such a way that the 
GDOP is as small as possible for the 
biggest possible number of users. But 
since we are dealing with non-linear 
equations, the GDOP alters with the 
location of the user. Users must theref- 
ore select four satellites which are 
favourable for them. It is certainly 
absolutely possible that several satel- 
lites will be “visible”, possibly even at 
a rather high elevation, which also 
increases the GDOP. 


The most remarkable case of a large 
GDOP when running time difference 
equations are used occurs when two 
navigation satellites are close to each 
other in the sky. A more common case 
is when all four satellites are in almost 
the same plane. For the same reason, a 
geostationary orbit is also unfavourable 
for navigation satellites. A further 
disadvantage would seem to be the low 
relative speed of the satellite, since the 
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equations for calculating the Doppler 
frequency shifts are not designed for 
cases where the positional vector is 
multiplied by very small numbers. 


2.3. The GPS & GLONASS satellite 
systems 


GPS and GLONASS are the first satel- 
lite systems which require the simult- 
aneous operation of several satellites. 
Other systems are already operating 
with one satellite, and each one impro- 
ves the system further. 


In the GPS and GLONASS systems, the 
satellites have to be synchronised and 
can in all cases operate only in sets of 
at least four satellites visible to the 
user, ‘The requirements for a low GDOP 
should not be forgotten here. 


GPS and GLONASS satellites have 
been put into similar orbits. Fig.3 
compares the orbits of GPS and 
GLONASS satellites with other known 
satellite orbits, such as the geostation- 
ary or near-Earth contra-rotating Sun- 
synchronised orbits. 


GPS and GLONASS satellites have 
circular orbits, with an inclination of 55 
- 65 degrees and an orbital period in the 
order of 12 hours, which corresponds to 
a height of app. 20,000 km. (about 114 
Earth diameters). 


(To be continued) 
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2.3. GPS & GLONASS Satellite 


Systems 
GPS and GLONASS are the first 
satellite systems that require the 


simultaneous operation of a number of 
satellites. In other satellite systems, 
including earlier navigation systems, 
the operation of every single satellite 
was almost autonomous and any 
additional satellites only improved the 
capacity of the system. 


In GPS or GLONASS the satellites 
need to be synchronised and can only 
perform as a constellation of at least 
four visible satellites for every possible 
uscr location without forgetting the 
GDOP requirement! Both GPS and 
GLONASS satellites are launched into 
similar orbits. A comparison among 
GPS, GLONASS and more popular 
satellite orbits like the geostationary 
orbit or the retrograde sun-synchronous 
Low-Earth Orbit (LEO) is made on the 
scale drawing on Fig.3. Both GPS and 
GLONASS satellites are launched into 
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circular orbits with the inclination 
ranging between 55 and 65 degrees and 
the orbital period in the order of 12 
hours, which corresponds to an altitude 
of around 20000km (one and a half 
Earth diameters). 


The GPS system was initially planned 
to use three different orbital planes with 
an inclination of 63 degrees and the 
ascending nodes equally spaced at 120 
degrees around the equator. Each 
orbital plane would accommodate 8 
equally spaced satellites with an orbital 
period of 11 hours and 58 minutes, 
synchronised with the Earth's rotation 
rate [4]. 


During a 10-year test period from 1978 
to 1988 only 10 such “Block I” 
satellites were successfully launched in 
orbital planes “A” and “C” as shown in 
Fig.4. The GPS specification was 
changed afterwards [5] and the new 
“Block II” satellites are being launched 
in 55-degrees inclination orbits in six 
different orbital planes A, B, C, D E 
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and F, with the ascending nodes 
equally spaced at 60 degrees 
around the equator. The new GPS 
constellation should also include 
24 satellites, having four satellites 
in each orbital plane, including 
active in-orbit spares. The orbital 
period of the GPS satellites 
should be increased to 12 hours to 
avoid repeat-track orbits and 
resonances with the Earth's 
gravity ficld. Finally, the new 
“Block II” satellites also include a 
nasty feature called “Selective 
Availability” (SA): the on-board 
hardware may, on ground 
command, intentionally degrade 
the accuracy of the navigation 
signals for civilian users while 
military users still have access to 
the full system accuracy. 


Beginning in 1988 and up to 
March 1993, 9 GPS “Block II” 
and 10 new GPS “Block JIA” 
satellites have been launched 
using “Delta” rockets. The SA- 
mode is currently turned on and 
degrades the accuracy to between 
50 and 1OOM. 


The GLONASS system is planned 
to use three different orbital 
planes with an inclination of 64.8 
degrees and the ascending nodes 
equally spaced at 120 degrees 
around the equator. Each orbital 
plane would accommodate 8 (or 
12) equally spaced satellites with 
an orbital period of 11 hours, 15 
minutes and 44 seconds, so that 
each satellite repeats its ground 
track after exactly 17 revolutions 
or 8 days [6]. 
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Satellite Launch Orbit PRN# Decomm 
GPS BI-01 78 20A C-? 4 
GPS BI-02 7847A A-? 7 
GPS BI-03 7893 A A-? 6 
GPS BI-04 78112 A C-? 8 
GPS BI-05 8011A  C-? 5 
GPS BI-06 8032A A-? 9 
GPS BI-07 Launch failure 
GPS BI-08 8372A C3 11 
GPS BI-09 8459A C-1 13 
GPS BI-10 8497A_ A-1l 12 
GPS BI-ll 8593 A C-4 3 
GPS BII-01 8913 A E-1 14 
GPS BII-02 8944A_ B-3 2 
GPS BII-03 8964A  E-3 16 
GPS BII-04 8985A A-4 19 
GPS BII-05 8997A D-3 17 
GPS BII-06 908A F-3 18 
GPS BII-07 9025 A B-2 20 
GPS BII-08 9068 A E-2 21 
GPS BIT-09 9088 A D-2 15 
GPS BITA-1090103 A E-4 23 
GPS BIIA-119147 A D-1 24 
GPS BIIA-1292 9 A A-2 25 
GPS BITA-1392 19 A C-2 28 
GPS BITA-1492 39 A F-2 26 
GPS BITA-1592 58 A) A-3— 27 
GPS BIA-1692 79 A F-I 1 
GPS BIIA-1792 89 A F-4 29 
GPS BIA-1893 7A  B-1 = 22 
GPS BITA-1993 17 A C-1 31 
GPS BITA-2093 32 A C-4 7 
GPS BITA-2193 42 A A-1 9 
GPS BITA-2293 54 A B-4 5 


Fig. 4: Published GPS Satellite Operation 
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Satellite | Launch Orbit CHN# Decommissioned _ Fig. 5: 
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Glonass 56 9247A 3-24 1 

Glonass57 9247B 3-21 24 Formerly 3-18 
Glonass 58 9247C 3-20 8 Formerly 3-21 


Glonass 59 93 10A 1-3 12 
Glonass 60 93 10B 1-2 5 nue 
Glonass 61 9310C 1-6 22 Formerly #23 abe 
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Fig.6: Block Diagram of GPS and GLONASS Satellites 
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Since the beginning of the GLONASS 
program a large number of satellites 
have been launched into GLONASS 
orbital planes 1 and 3, the orbital plane 
2 has not been used yet. Some satellites 
never transmitted any radio signals, 
since the GLONASS system also 
includes passive “Etalon” satellites used 
as optical reflectors for accurate orbit 
determination. 


GLONASS satellites are launched three 
at a time with a single “Proton” rocket. 
Due to this constraint all three satellites 
can only be launched in the same 
orbital plane. Recently observed 
GLONASS satellite operation is shown 
on Fig.5. The observed lifetime of 
GLONASS satellites seems to be 
shorter than that of American GPS 
counterparts, 


A critical piece of on-board equipment 
are the atomic clocks required for 
system synchronisation. Although each 
satellite carries redundant rubidium and 
caesium clocks, these caused the failure 
of many GPS and GLONASS satellites. 
In addition to this, GLONASS satellites 
have had problems with the on-board 
computer. Unfortunately, the GPS or 
GLONASS orbit altitude is actually in 
the worst ionising-radiation zone, the 
same radiation that already destroyed 
the AMSAT-OSCAR-10 computer 
memory. 


2.4. GPS & GLONASS Satellite 
On-board Equipment 


Since the two systems are similar, GPS 
and GLONASS satellites carry almost 
the same on-board equipment as shown 
in Fig.6. 


Cs 
For the navigation function alone, the 
satellites could be much simpler, 
carrying a simple linear transponder 
like on civilian communications 
satellites. The required navigation 
signals could be generated and 
synchronised by a network of ground 
stations. However, both GPS and 
GLONASS are primarily intended as 
military systems. 


Uplinks are undesired since they can be 
easily jammed and a network of ground 
Stations can be easily destroyed. 
Therefore, both GPS and GLONASS 
satellites are designed for completely 
autonomous operation and generation of 
the required signals. Synchronisation is 
maintained by on-board atomic clocks 
that are only periodically updated by 
the ground stations. 


Both GPS and GLONASS satellites 
carry a caesium atomic clock as their 
primary time/frequency standard, with 
the accuracy ranging between 10-12 
and 10-13, 


Much smaller and lightweight rubidium 
atomic clocks are used as a backup in 
the case the main time/frequency 
standard fails, although rubidium 
atomic clocks are an order of 
magnitude less accurate. Due to the 
stable space environment these atomic 
clocks usually perform better than their 
ground-based counterparts and any 
long-term drifts or offsets can be easily 
compensated by uploading the required 
correction coefficients in the on-board 
computer, 


The output of the atomic time/ 
frequency standard drives a frequency 
synthesiser so that all the carrier 
frequencies and modulation rates are 
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derived coherently from the same 
reference frequency. The on-board 
computer generates the so-called 
navigation data. These include 
information about the exact location of 
the satellite, also called precision 
ephemeris, information about the offset 
and drift of the on-board atomic clock 
and information about other satellites in 
the system, also called almanac. The 
first two are used directly by the user’s 
computer to assemble the navigation 
equations. 


Satellite Channel 


GPS (all Satellites) 1575.420 
GLONASS Channel 0 1602.000 
GLONASS Channel 1 1602.5625 
GLONASS Channel 2 1603.125 
GLONASS Channel 3 1603.6785 
GLONASS Channel 4 1604.250 
GLONASS Channel 5 1604.8125 
GLONASS Channel 6 1605.375 
GLONASS Channel 7 1605.9375 
GLONASS Channel 8 1606.500 
GLONASS Channel 9 1607.0625 
G LONASS Channel 10 1607.625 
GLONASS Channel 11 1608.1875 
GLONASS Channel 12 1608.750 
GLONASS Channel 13 1609,3125 
GLONASS Channel 14 1609.875 
GLONASS Channel 15 1610.4375 
GLONASS Channel 16 1611.000 
GLONASS Channel 17 1611.5625 
GLONASS Channel 18 1612.125 
GLONASS Channel 19 1612.6785 
GLONASS Channel 20 1613.250 
GLONASS Channel 21 1613.8125 
GLONASS Channel 22 1614.375 
GLONASS Channel 23 1614.9375 
GLONASS Channel 24 1615.500 


LI - Carrier 
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The almanac data can be used to 
predict visible satellites and avoid 
attempting to use dead, malfunctioning 


or non-existent satellites, thus speeding- 
up the acquisition of four valid satellite 
signals with a reasonable GDOP. 
Besides the transmitters for 
broadcasting navigation signals, GPS 
and GLONASS satellites also have 
telecommand and telemetry radio links. 


In particular, the telecommand link is 
used by the command stations to 


L2 - Carrier 


MHz 1227.600 MHz 
MHz 1246,000 MHz 
MHz 1246.4375 MHz 
MHz 1246.875 MHz 
MHz 1247.3125 MHz 
MHz 1247,750 MHz 
MHz 1248.1875 MHz 
MHz 1248.625 MHz 
MHz 1249,0625 MHz 
MHz 1249.500 MHz 
MHz 1249.9375 MHz 
MHz 1250.375 MHz 
MHz 1250.8125 MHz 
MHz 1251.250 MHz 
MHz 1251.6875 MHz 
MHz 1252.125 MHz 
MHz 1252.5625 MHz 
MHz 1253.000 MHz 
MHz 1253.4375 MHz 
MHz 1253.875 MHz 
MHz 1254,3125 MHz 
MHz 1254.750 MHz 
MHz 1255.1875 MHz 
MHz 1255.625  MIiz 
MHz 1256.0625 MHz 
MHz 1256.500 MHz 


Fig.7; Carrier Frequencies for GPS and GLONASS Satellites 
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Fig.8: The GPS C/A Code Generator 


regularly upload fresh navigation data 
into the on-board computer. Usually 
this is done once per day, although the 
on-board computer memory can store 
enough data for several weeks in 
advance. 


In addition to dedicated telemetry links, 
part of the telemetry data is also 
inserted in the navigation data stream. 


2.5. GPS & GLONASS Satellite 


Transmissions 


GPS and GLONASS satellites use the 
microwave L-band to broadcast three 
separate radio-navigation signals on 
two separate RF channels usually called 
LI (around 1.6 GHz) and L2 (around 
1.2 GHz)- These frequencies were 
chosen as a compromise between the 
required satellite transmitter power and 
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ionospheric errors. The influence of the 
ionosphere decreases with the square of 
the carrier frequency and is very small 
above | GHz. 


However, in a precision navigation 
system it still induces a position error 
of about 50m at the L1 frequency 
during daylight and medium solar 
activity. On the other hand, GPS and 
GLONASS were designed to work with 
omnidirectional, hemispherical- 
coverage receiving antennas. ‘The 
capture area of an antenna with a 
defined radiation pattern decreases with 
the square of the operating frequency, 
so the power of the on-board 
transmitter has to be increased by the 
same amount. 


Both GPS and GLONASS broadcast 
two different signals: a Coarse/ 
Acquisition (C/A) signal and Precision 
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(P) signal. The C/A-signal is only 
transmitted on the higher frequency 
(LI) while the P-signal is transmitted on 
two widely-separated RF channels (LI 
and L2). 


Since the frequency dependence of 
ionospheric errors is known, the 
absolute error on cach carricr frequency 
can be computed from the measured 
difference between the two P- 
transmissions on LI and L2 carriers. 


The Li C/A- and P-carriers are in 
quadrature to enable a single power 
amplifier to be used for both signals, as 
shown on Fig.6. The Li and L2 
transmitter outputs are combined in a 
passive network and feed an array of 
helix antennas. These produce a shaped 
beam covering the whole visible 
hemisphere from the GPS/GLONASS 
orbit with the same signal strength. 


All three GPS or GLONASS 
transmissions are continuous, 
straightforward BPSK modulated 
carriers. Pulse modulation is not used. 
The timing information is transmitted in 
the modulation: the user’s receiver 
measures the time of arrival of a 
defined bit pattern, which is a known 
code. If desired, the modulation code 
phase can be related to the carrier 
phase in the receiver to produce even 
more accurate measurements, since both 
the carrier frequency and the code rate 
are derived coherently from the same 
reference frequency on-board the 
satellite. 


The GPS C/A-code is 1023 bits long 
and is transmitted at 1.023 Mbps. The 
C/A-code repetition period is therefore 
1 ms. The GLONASS C/A-code is 511 
bits long and is transmitted at 511 kbps, 


72 


VHF COMMUNICATIONS 2/94 


so it has the same repetition period as 
the GPS C/A-code. The P-code is 
transmitted at 10 times the speed of the 
C/A-code: 10.23 Mbps for GPS and 
5.11 Mbps for GLONASS. The 
transmitter power level for the P-code 
on L1 is 3dB below the LI C/A-code 
and the P-code on L2 is 6dB below the 
LI C/A-code. The P-code repetition 
period is very long, making an 
autonomous search for synchronisation 
not practical. All P-code receivers first 
acquire lock on the C/A-transmission, 
which also carries information that 
allows a quick P-code lock. Both C/A- 
and P-codes are generated by digital 
shift-registers with the feedback 
selected to obtain pseudo-random 
codes. The navigation data is modulo-2 
added to the pseudo-random codes. 
Since the navigation-data rate is very 
low, only 50 bps, it does not affect 
significantly the randomness properties 
of the codes used. 


The navigation data at 50 bps is 
synchronised to the C/A-code period to 
resolve the timing ambiguity caused by 
the relatively short 1 ms C/A-code 
repetition period. GPS “Block II” 
satellites may encrypt the published 
P-code into the secret Y-code. This 
process is called “Anti-Spoofing” (AS). 
Its purpose is to prevent an enemy from 
jamming the GPS with false GPS-like 
signals. 


Details of the .GLONASS P-code are 
not published. In fact, the GLONASS 
P-code is even not mentioned in [6], 
although these transmissions can be 
easily observed on a spectrum analyser. 
The GPS and GLONASS RF channel 
carrier frequencies are shown on Fig.7. 
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All GPS satellites transmit on the 

same Li and L2 carrier 

C/A G2 G2 frequencies: 1575.42 MHz and 
Code Number Register Taps Clock Cycles 4227.6 MHz, which are held in 


the exact ratio 77/60 and are 


GPS PRN 1 2&6 5 clks integer multiples of the 
GPS PRN 2 3&7 6 clks fundamental GPS clock 
GPS PRN 3 4&8 7 clks frequency of 10.23 MHz. 

GPS PRN 4 5&9 8 clks Every GPS satellite transmits its 
GPS PRN 5 1&9 17 clks own set of C/A- and P-codes that 
GPS PRN 6 2&10 18 clks have good cross-correlation 
GPS PRN 7 1&8 139 clks properties with the codes used by 
GPS PRN 8 2&9 140 ciks other GPS satellites. Since a GPS 
GPS PRN 9 3&10 141 clks receiving antenna is 
GPS PRN 10 2&3 251 clks omnidirectional and receives 
GPS PRN 11 3&4 252 clks many satellites at the same time, 
GPS PRN 13 6&7 255 clks Division Multiple Access 
GPS PRN I4 7&8 256 clks (CDMA) techniques to separate 
GPS PRN 15 8&9 257 clks signals coming from different 
GPS PRN 16 9 & 10 258 clks sakeltiens. 

GPS PRN i7 1&4 469 clks 

GPS PRN 18 2&5 470 clks GPS satellites are therefore 
GPS PRN 19 3&6 471 clks identified by the Pseudo- 
GPS PRN 20 4&7 472 clks Random-Noise code number 
GPS PRN22. 6&9 474 clks use 25 different RF channels. 
GPS PRN 23 1&3 509 clks Channel 0 is reserved for testing 
GPSPRN24 = 4&6 512 clks a ee wie caer 2 
GPS PRN 25 5&7 513 clks to 24 are dedicated to operational 
GPSPRN26 6&8 514 clks GLONASS ascites. 

GPS PRN 27 7&9 515 clks All GLONASS satellites transmit 
GPS PRN 28 8 & 10 516 clks the same C/A-code and are 
GPS PRN 29 1&6 859 clks usually identified by the Channel 
GPS PRN 30 2&7 860 clks Number (CHN#)The LI and L2 
GPS PRN 31 3&8 861 clks carrier frequencies are in the 
GPS PRN 32 4&9 862 clks exact ratio 9/7 and the channel 


spacing is 562.5 kHz at L1 and 


: 437.5 kHz at L2, Although there 
Fig.9: GPS C/A Codes and their exist civilian P-code receivers, 


correlation with the Registers the majority of civilian GPS or 
GLONASS receivers are C/A- 
only receivers. Since the 
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Fig.10: The GLONASS C/A Code Generator 


advantages of using the P-code are 
limited, especially with SA, AS or both 
active, only the C/A-code transmission 
will be discussed in detail here. 


2.6. GPS C/A-Transmission Format 


GPS satellites use code-division 
multiplexing on both C/A- and P- 
transmissions. Since C/A-codes are 
relatively short sequences (only 1023 
bits), the codes have to be carefully 
selected for good  cross-correlation 
properties. GPS C/A-codes are Gold 
codes (named after their inventor 
Robert Gold) that can be generated as a 
modulo-2 sum of two maximum-length 
shift-register sequences. The GPS C/ 
A-code generator is shown on Fig.8. 


It includes two 10-bit shift registers G1 
and G2, both clocked at 1.023 MHz, 
each with a separate feedback network 
made of exclusive-or gates. Both 
feedback networks are selected so that 
both generated sequences have the 
maximal length of 1023 bits. Both shift 
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registers are started in the “all-ones” 
state and since both sequences have the 
same length, the shift registers maintain 
the synchronisation throughout the 
operation of the circuit. 


Gold codes are obtained by a modulo-2 
sum (another exclusive-or operation) of 
the outputs of the two shift registers Gl 
and G2. Different codes can be 
obtained by changing the relative phase 
of the two shift registers. Instead of 
desynchronising the shift registers it is 
easier to delay the output of one of 
them (G2). This variable delay is 
achieved with yet another modulo-2 
sum (exclusive-or) of two G2 register 
taps. 


Exclusive-or feedback  shift-register 
sequences have the property that a 
modulo-2 addition of a sequence with 
its delayed replica produces the same 
sequence, but delayed by a different 
number of clock cycles. Choosing two 
G2 register taps, 45 different delays can 
be generated yielding 45 different Gold 
codes with good auto-correlation and 
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cross-correlation properties. Out of 
these 45 possible codes, 32 are 
allocated to GPS satellites as shown on 
Fig.9. 


The cross-correlation properties of GPS 
C/A-codes guarantee a_ cross-talk 
smaller than -21.6dB between the 
desired and undesired satellite signals. 
The 50bps navigation data stream is 
synchronised with the C/A-code 
generator so that bit transitions coincide 
with the if all-ones” state of both shift 
registers Gl and G2. At 50bps one data 
bit corresponds to 20 C/A-code periods, 


The navigation data is formatted into 
words, subframes and frames. Words 
are 30 bits long including 24 data bits 
and 6 parity bits computed over the 24 
data bits and the last two bits of the 
previous word. Parity bits are used to 
check the received data for errors and 
to resolve the polarity ambiguity of the 
BPSK demodulator. 10 words (300 bits) 
form a subframe which always includes 
a subframe syne pattern “10001011” 
and a time code called “Time-Of- 
Week” (TOW). One subframe is 
transmitted every 6 seconds. Five 
subframes form one frame (1500 bits) 
that contains all of the information 
required to use the navigation signals. 
One frame is transmitted every 30 
seconds. 


The first subframe in the frame contains 
the on-board clock data: offset, drift 
etc. The second and third subframes 
contain the precision ephemeris data in 
the form of keplerian elements with 
several correction coefficients to 
accurately describe the satellite’s orbit, 
Finally, the fourth and fifth subframes 
contain almanac data that is not 
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required immediately and are 

subcommutated in 25 consecutive 

frames, so that the whole almanac is 
transmitted in 12.5 minutes. 


The allocation of the single data words 
is completely described in [5]. Most 
numerical parameters are 8-, 16-, 24- or 
32-bit integers, cither unsigned or 
signed in the two’s complement format. 
Angular values that can range from 0 to 
360 degrees are usually expressed in 
semi-circles to make better use of the 
available bits. GPS is also using its own 
time scale. The units are seconds and 
weeks. one week has 604800 seconds 
and the week count is incremented 
between Saturday and Sunday. GPS 
time starts on the midnight of January 
5/6, 1980. 


GPS time is a continuous time and 
therefore it differs by an integer number 
of leap seconds from UTC. The 
difference between UTC and GPS time 
is included in the almanac message. 


2.7. GLONASS C/A-Transmission 
Format 


GLONASS satellites use the more 
conventional  frequency-division 
multiplexing at least for the C/A-code 
transmissions. All GLONASS satellites 
use the same C/A-code, generated by a 
9-bit shift register G as shown on 
Fig.10. The GLONASS C/A-code is a 
maximum-length sequence and thus has 
an idea] auto-correlation function. 


Frequency-division multiplexing allows 
a better channel separation than code- 
division multiplexing. The separation 
between two adjacent GLONASS 
channels should be better than -48dB. A 
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large channel separation is useful when 
the signal from one satellite is much 
weaker because of reflected waves 
and/or holes in the receiving antenna 
radiation pattern. 


On the other hand, the GLONASS 
satellites require a wider RF spectrum 
and a GLONASS C/A-receiver is 
necessarily more complex than a GPS 
C/A-receiver. 


The GLONASS navigation data stream 
is synchronised with the C/A-code 
generator so that level transitions 
coincide with the “all-ones” state of the 
shift register. The navigation data 
stream is formatted into lines of the 
duration of 2 seconds. Each line 
contains 85 information bits, 
transmitted at 5Obps for 1.7 seconds 
and a “time mark” sync pattem 
“111110001101110101000010010110”, 
which is a pseudo-random sequence of 
30 bits transmitted at 100bps for the 
remaining 0.3 seconds. 


The 85 information data bits always 
start with a leading “O” , followed by 
76 bits containing navigation 
information and 8 parity-checking bits, 
computed according to the (85, 77) 
Hamming code. After computing the 
parity bits, all of the 85 bits are 
differentially encoded to resolve the 
phase ambiguity in the receiver. 


Finally, the 85 differentially-encoded 
bits are Manchester encoded, so that a 
“10” pattern corresponds to a logical 
“one” and a “01” pattern corresponds to 
a logical “zero”. The additional 
transition in the middle of the data bits 
introduced by the Manchester encoding 
speeds-up the synchronisation of the 
receiver. 15 navigation data lines form 
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one frame of the duration of 30 
seconds. The allocation of the single 
data bits in the frame is completely 
described in [6]. The first four lines of 
a frame contain the time code, on-board 
clock offset and drift and precision 
ephemeris data of the satellite orbit in 
the form of a state vector (position 
vector and velocity vector). ‘To simplify 
the computations in the user's receiver, 
the corrections for the Sun- and Moon- 
gravity forces are also supplied. The 
almanac data is transmitted in the 
remaining 11 lines of the frame. 


Almanac satellite ephemeris is in the 
form of keplerian elements and is 
transmitted in two consecutive lines in 
a frame. The whole almanac is 
transmitted in five consecutive frames 
also called a superframe of the duration 
of 2.5 minutes. The various numerical 
parameters are transmitted as different 
size, either unsigned or signed integers. 
Signed integers are transmitted in the 
form of a sign bit followed by an 
unsigned integer representing the 
absolute value of the number (this is 
different from the two’s complement 
notation!). Angular values are usually 
expressed in semi-circles. 


The GLONASS time is kept 
synchronised to UTC. GLONASS uses 
more conventional time units like days, 
hours, minutes and seconds. The day 
count begins with a leap year (currently 
1992) and counts up to 1461 days 
before returning back to zero, 


(To be continued) 


(References overleaf) 
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Matjaz Vidmar SS3MV (ex YU 3 UMV, YT 3M) 


A DIY Receiver for GPS and 
GLONASS Satellites 


Part-3 


3 

THEORY OF OPERATION 
OF GPS AND GLONASS 
RECEIVERS 


3.1. GPS/GLONASS Receiver 
Principles of Operation 


Since the signals transmitted by GPS 
and GLONASS satellites are similar, 
the receiver design for any of these 
systems follows the same guidelines. 
The principle block diagram of a GPS 
or GLONASS receiver is shown in 
Fig.11. Only a single channel receiver 
is shown for simplicity. The problem of 
simultaneously receiving more than one 
Signal (like the C/A-signal and both P 
signals from four or more satellites) 
will be discussed later. 


Since the user’s position, velocity and 


attitude are unknown in a navigation 
problem, satellite navigation receivers 
generally use either one or more omni- 
directional antennas. All satellite navi- 
galion signals are circularly polarised 
(usually RHCP) to allow the user’s 
receiver to further attenuate any re- 
flected waves, since circularly polarised 
waves change their sense of polarisa- 
tion on each reflection. Reflected waves 
are a major nuisance in precision 
navigation systems: they represent an 
unpredictable propagation anomaly 
which is a major source of measure- 
ment errors. 


The radio signals collected by an- 
omnidirectional receiving antenna are 
weak. A low-noise amplifier will pre- 
vent any further degradation of the 
signal-to-noise ratio, but it can not 
reduce the thermal noise collected by 
the antenna nor unwanted navigation 
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Fig.11: Principle Block Diagram of a GPS/GLONASS Receiver 


satellite tansmissions on the same 
frequency. GPS and GLONASS satellite 
signals are wideband, ranging from 1 
MHz (GLONASS C/A-code) to 20 
MHz (GPS P-code), and the satellite 
transmitter power is limited to around 
25dBW EIRP (L1 C/A-code for both 
GPS and GLONASS) or even less than 
this (P-transmissions), making the sig- 
nal usually weaker than the thermal 
noise collected by the antenna. 


Although buried in thermal! noise and 
interference, these signals can still be 
used, since the given bandwidth and 
megabits-per-second rates apply to a 
known code and not to the information 
bandwidth, which is smaller than | kHz 
for both timing and Doppler shift 
measurements and the navigation data 
transmitted at 50Obps. In other words, 
GPS and GLONASS signals are direct- 
sequence spread-spectrum signals, using 
Code-Division Multiple Access 
(CDMA) techniques [7]. 
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A GPS or GLONASS receiver will first 
downconvert the signals to a suitable IF 
and amplify them before further 
processing. At this stage a wide IF 
filter, corresponding to the complete 
original signal bandwidth, can be used 
to improve the dynamic range of the 
receiver. The downconverter may be 
made tuncable if widely separated 
channels are to be received, like the 
GLONASS C/A-transmissions. 


The wideband IF signal is then multi- 
plied by (mixed with) a locally-gener- 
ated satellite signal replica, modulated 
by the same code. If the locally 
generated code is synchronised to the 
satellite transmission, the bandwidth of 
the desired mixing product will collapse 
down to almost zero, since two identi- 
cal 0/180-degrees BPSK modulation 
processes exactly cancel each other, on 
the other hand,, the bandwidth of all 
unwanted signals, like noise or interfer- 
ence, will be further expanded by this 
operation to a double bandwidth. 
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Since the bandwidth of the desired 
signal collapses, this operation is usu- 
ally called signal spectrum despreading. 
The desired signal can now be filtered- 
out with a narrow IF filter having a 
bandwidth ranging from 100 Hz to 10 
kHz in a GPS or GLONASS receiver. 
After the narrow IF filter, the signal- 
to-noise ratio finally achieves usable 
values and typically reaches 20dB. 


The filtered IF signal is then used for 
several purposes. First, it is used to 
acquire and maintain synchronisation of 
the locally generated code. Dithering 
the locally-generated code back and 
forth by a fraction of the bit period 
generates an amplitude modulation on 
the filtered signal. The phase of this 
modulation contains the information 
required to keep the synchronisation of 
the local code generator. 


The filtered IF signal is also fed to a 
BPSK demodulator (usually a squaring 
PLL or a Costas PLL) to extract the 
50bps navigation message data. The 
BPSK demodulator also provides a 
regencrated carrier that is used for 
Doppler-shift measurements. On the 
other hand, the code-timing information 
is obtained from the local code genera- 
tor. All three signals, code timing, 
Doppler shift and 5Obps navigation data 
are fed to the receiver CPU to compute 
the user position, velocity, accurate 
time etc. 


For Earth-located,, slowly-moving us- 
ers, the Doppler shift on the satellite 
signals is mainly due to the satellite 
motion and amounts up to +/- 5 kHz on 
the L1 frequency. In most cases some 
fine tuning will be required to compen- 
sate the Doppler shift in front of the 


o 
narrow IF filter. Some fine-tuning capa- 
bility is also required to compensate the 
local oscillator frequency drift. In GPS 
and GLONASS receivers all of the 
required frequencies are obtained from 
a single TCXO with a stability of a few 
parts per million, Since one part per 
million is 1.6 kHz at the L1 frequency, 
the frequency uncertainty of the re- 
ceiver is comparable in magnitude to 
the expected Doppler shift. 


Like in all spread-spectrum-systems, the 
initial code sync acquisition is a critical 
operation in a GPS or GLONASS 
receiver, Most receivers make an ex- 
haustive search for C/A-code synchro- 
nisation. Testing a possible code phase 
typically takes around 10 milliseconds 
each, so an exhaustive search may take 
more than 10 seconds. This figure needs 
to be multiplied by the number of 
frequencies tested, due to an unknown 
Doppler shift or unpredictable TCXO 
drift. 


A “cold start” of a GPS or GLONASS 
receiver may therefore take up to one 
hour, since the receiver does not know 
which satellite (PRN# or CHN#) to 
look for nor the Doppler shift nor the 
code phase. A “warm start” is much 
faster since the receiver should know 
the almanac satellite ephemeris, the 
approximate user location and the ap- 
proximate time. From this information 
one can get all visible satellites and 
compute the corresponding Doppler 
shifts, so that the code phase and the 
TCXO drift are the only unknowns left. 


The period of the P-code is far too long 
to make an exhaustive sync search 
practical. All P-code receivers need to 
acquire the C/A-code first, decode the 
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navigation data and synchronise their 
local P-code generator to the C/A-code 
transmission first. Since the P-code rate 
is only 10 times the C/A-code rate, 
there are very few possible P-code 
phases left to be tested to lock on the 
P-transmission. 


GPS and GLONASS have been de- 
signed to supply timing codes, the user 
position being computed from the 
measured propagation time differences. 
Additionally, the user velocity can be 
computed from the already known posi- 
tion and the measured Doppler-shift 
differences on the signal carriers. 


Although the Doppler shift can also be 
measured on the code rates, this meas- 
urement is usually very noisy, On the 
other hand, no absolute delay difference 
can be measured on the carrier, since 
the carrier phase becomes ambiguous 
after 360 degrees. 


Finally, relating the carrier phase to the 
code phase may produce excellent re- 
sults, but requires an accurate compen- 
sation of ionospheric effects, which 
have opposite signs: the ionosphere 
delays the modulation and at the same 
time advances the carrier phase! 


Besides the described principle of op- 
eration of a GPS or GLONASS re- 
ceiver, there are some other possibili- 
tics. For example, the C/A-code syne 
could be obtained much faster using an 
analogue (SAW) or digital (FT) corre- 
lator. To evaluate ionospheric errors, 
codeless reception techniques can be 
used to receive both P-transmissions on 
LI and L2 frequencies without even 
knowing the codes used. 
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3.2. Digital Signal Processing (DSP) 
in GPS/GLONASS receivers 


After the principles of operation and 
the required functions of an electronic 
circuit are known, one has to decide 
about the technology to practically 
implement the circuit. In most cases 
GPS or GLLONASS receivers are mobile 
units installed on vehicles or even 
portable handheld units. The receiver 
weight, size and power-consumption are 
all important. While every GPS or 
GLONASS receiver must have an an- 
tenna, a RF front-end and a digital 
computer to solve the navigation equa- 
tions, the IF signal processing may 
include just a single channel in a simple 
C/A-only receiver or more than 10 
channels in a full-spec L1 & L2 P-code 
receiver. 


When the same circuit function needs 
to be duplicated several times, like the 
Il’ processing channels in a_ radio- 
navigation receiver, it is usually con- 
venicnt to use Digital Signal Processing 
(DSP) techniques. An important advan- 
tage of DSP over analogue circuits is 
that duplicated channels are completely 
identical and require no tuning or 
calibration to accurately measure the 
difference in the time of arrival or 
Doppler shift of radio-navigation sig- 
nals. A single DSP circuit can also be 
easily multiplexed among several sig- 
nals, since the internal variables of a 
DSP circuit like a PLL VCO frequency 
or phase can be stored in a computer 
memory and recalled and updated when 
needed again. 


The bandwidth of the navigation satel- 
lite signals is several MHz and this is a 
rather large figure for DSP. Implement- 
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Fig.12: Principle Block Diagram of a 1-bit DSP GPS/GLONASS Receiver 


ing the whole IF signal processing of a 
GPS/GLONASS receiver completely in 
software (like described in the introduc- 
tion to DSP techniques in [8]) is 
difficult although it has been done [9] 
for the GPS C/A-code using powerful 
microcomputers. Most GPS/GLONASS 
receivers use a combination of dedi- 
cated DSP hardware and software for IF 
signal processing. Dedicated DSP hard- 
ware is only used where the bandwidth 
is large and the functions are relatively 
simple, like the local satellite signal 
replica generation and the signal de- 
spreading, while all other functions, 
including all feedback loops, are imple- 
mented in software. 


When designing a DSP circuit and in 
particular when designing dedicated 
DSP hardware it is essential to know, 
besides the signal bandwidth or sam- 
pling frequency, also the resolution or 
number of bits per sample required to 
represent the signals involved [10]. A 


GPS or GLONASS signal is a constant 
amplitude signal and limiting is there- 
fore not harmful. However, after the 
wide IF filter in the receiver there is a 
mix of many satellite signals of differ- 
ent strength and lots of thermal noise as 
well. If such a mix of signals is limited, 
the resulting intermodulation distortion 
degrades the signal-to-noise ratio by 
around 2dB. 


Since navigation satellite signals are 
pseudo-random sequences, all undesired 
signals and all intermodulation products 
only affect the desired signal in the 
same way as thermal noise. Therefore, 
in a GPS/GLONASS receiver, very few 
bits are required to represent the wide- 
band IF signal. Most GPS/GLONASS 
receivers simply limit the wideband IF 
signal, thus accepting the 2dB sensitiv- 
ity degradation and representing each 
sample with just two quantisation levels 
or one single bit. Increasing the number 
of bits per sample only increases the 
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DSP hardware complexity while bring- 
ing marginal sensitivity improvements, 
so that no known receiver design uses 
more than 3 bits per sample (8-level 
quantisation), 


On the other hand, an 1-bit/sample DSP 
GPS/GLONASS receiver may have a 
really simple IF signal processing as 
shown on the principle block diagram 
on Fig.12. The IF signal is limited, so 
no AGC is required. Signal sampling 
and A/D conversion is performed by a 
single D type flip-flop. Signal despread- 
ing or multiplication with the locally 
generated signal replica is accom- 
plished with an exclusive-or gate. Since 
the narrow IF can be selected close to 
zero, the narrow IF bandpass filter may 
be replaced by a lowpass filter or an 
integrator, In the case of 1-bit samples, 
the latter is simply a counter with the 
clock set to the sample rate and gated 
by the input signal. 


However, after the narrow IF filtering 
the resulting signal can no longer be 
represented with a single bit per sam- 
ple, if the sample rate of the narrow- 
band signal is significantly reduced. In 
a C/A-code receiver, the integrator is 
read and then reset each millisecond, to 
match the period of either GPS or 
GLONASS C/A-codes, since the auto- 
and cross-correlation properties of these 
codes are only maintained over an 
integer number of code periods. An 
integration period of 1 ms corresponds 
to a narrow IF bandwidth of +/- 500 Hz 
around the centre frequency. The latter 
is a very good choice for a GPS or 
GLONASS receiver. 


Any further signal processing after the 
integration can be conveniently per- 
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formed in software, since an interrupt 
rate of only | kHz can be accepted by 
any microprocessor. The accumulated 
data in the integrator has a resolution of 
12 to 14 bits, so any further software 
processing can be done without any 
loss of quantisation accuracy nor 
processing speed of a general-purpose 
16-bit microprocessor. 


Dedicated hardware is also required for 
the generation of the local signal rep- 
lica. Carriers or rates are conveniently 
generated in Numerically Controlled 
oscillators (NCOs). An NCO includes a 
digital adder and an accumulator. In 
every clock cycle, a constant represent- 
ing the desired output or rate is added 
to the accumulator. If an analogue 
output were desired, the accumulator 
content could be fed to a ROM contain- 
ing a sine table and then to a D/A 
converter, forming a direct digital fre- 
quency synthesiser. 


In a 1-bit DSP navigation-receiver the 
sine table and D/A converter are not 
required. Since the DSP hardware oper- 
ates with 1-bit data, it is sufficient to 
take the MSB of the NCO accumulator 
as the frequency output. Two NCOs are 
required: on for the carrier frequency 
and another for the code rate. The 
code-rate NCO supplies the clock to a 
code generator like the ones shown on 
Fig.8 or 10. The output of the code 
gencrator is exclusive-or gated with the 
output of the carrier NCO to produce a 
BPSK-modulated satellite signal rep- 
lica. 

Of course both NCOs have to be 
accurately steered to the required fre- 


quency and phase to maintain lock on 
the incoming signal. The feedback 
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function can be performed by _ the 
microprocessor, since the feedback 
speed is very low: a 100 Hz update rate 
is usually fast enough. Finally, the NCO 
frequency can be casily steered modify- 
ing the addition constant and the NCO 
phase can be easily steered modifying 
the accumulator content. In a time- 
multiplexed IF channel, both can be 
easily stored by the microprocessor and 
recalled when the channel hardware is 
switched back to the same satellite 
signal. 


From the technology point of view, a 
DSP IF channel can be built on an 
“Eurocard” size printed circuit board 
using just bare 74HCxxx logic. A single 
IF channel may also be programmed in 
a programmable-logic integrated circuit. 
Finally, the complete IF signal process- 
ing with 6 or 8 independent channels 
may be integrated in a single custom 
integrated circuit. Commercial! satellite 
navigation receivers use custom inte- 
grated circuits essentially to prevent 
unauthorised duplication. On the other 
hand, bare 74HCxxx logic is preferred 
for an amateur, home-made receiver. 
Hopefully programmable-logic ICs will 
some day become standardised and the 
necessary programming tools cheap 
enough to allow amateur applications. 


3.3. Multi-channel reception of 
navigation signals 


A satellite navigation receiver should 
be able to receive the signals from four 
or more satellites at the same time, to 
be able to measure time and Doppler 
differences. When the GPS specifica- 
tions were published back in 1975 [4], 
the digital computer was the largest and 
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most complex part of a satellite naviga- 
tion receiver. Both GPS and GLONASS 
receivers were initially intended to have 
several analogue IF processing chan- 
nels, one per cach signal type per 
satellite, Since these receivers were 
intended for military vehicles like 
fighter aircraft, tanks or battle ships, the 
price and complexity of several ana- 
logue IF processing channels was al- 
most unimportant. 


Early civilian GPS receivers also used 
analogue IF processing, although ini- 
tially limited to the C/A-code and one 
or two time-multiplexed IF channels, 
Time-multiplexing is difficult with ana- 
logue IF channels, since the latter have 
to reacquire lock cach time the satel- 
lites are changed. Lock Acquisition 
may take 15 to 20 seconds, so that the 
measurement loop through four or more 
satellites takes several minutes. These 
receivers were only suitable for station- 
ary or slowly-moving users. 


The introduction of DSP techniques and 
inexpensive computers allowed much 
faster multiplexing. Since the variables 
of a DSP circuit can be stored and 
recalled, a DSP IF channel does not 
need to reacquire lock each time it is 
switched to another satellite signal. A 
DSP IF channel is typically switched 
among satellite signals around a hun- 
dred times per second making the 
whole loop among all required signals a 
few ten times per second. Ilowever, 
because of the available signal-to-noise 
ratio, the navigation solution in a 
C/A-code receiver only needs to be 
computed about once per second. 


All current commercial GPS and GLO- 
NASS receivers use DSP IF processing. 
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Small handheld C/A-code receivers 
have one, two or three time-multiplexed 
iF channels. Mobile C/A-code receivers 
have 5, 6 or even 8 independent 
channels so that no multiplexing is 
required. Time multiplexing makes the 
carrier lock and Doppler measurements 
difficult and unreliable, so it is unde- 
sired in mobile receivers. 


Unfortunately, multi-channel GLO- 
NASS receivers require a wider raw 
signal IF and a much higher sampling 
rate due to the wide FDMA channel 
spacing. On the other hand, GPS receiv- 
ers require the same raw IF bandwidth 
regardless of the number of channels 
thanks to CDMA. The higher sampling 
rates required for GLONASS are a little 
impractical with currently available in- 
tegrated circuits. Maybe this is another 
reason why GPS receivers are more 
popular and GLONASS is almost un- 
known. Since faster ICs will certainly 
be available in the future, one can 
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expect that combined GPS/GLONASS 
Teceivers will become standard. 


In this article I am going to describe a 
single-channel C/A-only receiver using 
fast time multiplexing. This receiver 
can be built in two versions: GPS or 
GLONASS. Although both versions use 
the same modules as much as possible, 
this is not a combined GPS/GLONASS 
receiver yet. The main limitation of a 
single IF channel, time-multiplexed re- 
ceiver is that the maximum number of 
simultaneously tracked satellites is lim- 
ited to four or five, so that a combined 
GPS/GLONASS receiver does not make 
much sense. 


3.4. Practical GPS receiver design 


The block diagram of the described 
GPS receiver is shown on Fig.13. In the 
microwave frequency range, at L-band, 
the antenna needs a direct visibility of 
the satellites. Therefore it has to be 


her 2 2F-Verst. enzer 
OF 98! bFx 


VHF COMMUNICATIONS 3/94 


installed outdoor, on the vehicle roof or 
on top of a portable receiver. Due to its 
excellent performance, a half-turn quad- 
rifilar helix is used as a circularly 
polarised, hemispherical-coverage an- 
tenna. 


‘The LNA is installed directly under the 
antenna. Using two inexpensive GaAs- 
FETs it achieves 30dB of gain making 
any following (reasonable) cable loss 
almost unimportant. 


The GPS receiver includes a_fixed- 
tuned downconverter to a suitable IF, 
an IF amplifier and limiter, a dedicated 
DSP hardware, a MC68010 based mi- 
crocomputer with a small keyboard and 
a LCD display and a single master 
crystal oscillator for all frequency con- 
versions and sampling rates. The down- 
conversion from the GPS L1 frequency 
(1575.42 MHz) is made in two steps for 
convenient image filtering. The first 
wide IF is in the 102 MHz range and 
the second wide IF is in the 10 Mflz 
range. The wide IF bandwidth is set to 
around 2 MHz. The actual value of the 
wide IF bandwidth is not critical, since 
filtering is only required to prevent 
spectrum aliasing in the signal sampling 
circuit. 


A frequency of 6139 kHz was selected 
as master crystal oscillator frequency of 
the described GPS receiver, since the 
best TCXOs are usually available for 
the frequency range between 5 MIIz 
and 10 MHz. 


The output of the 6139 kHz master 
oscillator is used both as the sampling 
frequency for the IF A/D conversion 
and as an input to a chain of multiplier 
stages to supply all of the frequencies 
required in the downconverter. Limiting 


+ 
the temperature range from 0 to 30 
degrees C, as encountered during nor- 
mal receiver operation, the TCXO was 
replaced by a much less expensive 
conventional crystal oscillator in all of 
the prototypes built. 


Sampling the 10 MIlIz wide IF signal 
with 6139 kHz produces a third down- 
conversion to a 2303 kHz nominal 
centre frequency. The latter is the final 
carrier frequency that needs to be 
regenerated in the dedicated DSP hard- 
ware. The dedicated DSP hardware is 
designed as a microprocessor peripheral 
with read and write registers and is 
interrupting the MC68010 CPU once 
every millisecond to match the GPS 
C/A-code period. 


In the portable, stand-alone GPS _ re- 
ceiver, the operating software is stored 
in a compressed form in a 32kbyte 
EPROM. After power-on reset, the 
software is decompressed in 128kbytes 
of battery-backed CMOS RAM, which 
is also used to store the system almanac 
and other data to speed-up the acquisi- 
tion of four valid satellites, For the 
same reason the CPU also has access to 
a small battery-backed real-time clock 
chip. 


A small 8-key keyboard is used to 
select the various menus of the operat- 
ing software and manually set some 
receiver parameters if so desired, ‘The 
portable version of the GPS receiver is 
using a LCD module with integrated 
driving clectronics and two rows of 40 
alphanumeric (ASCII) characters each, 
to display the receiver status, the alma- 
nac data or the results of the navigation 
computations. 
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3.5. Practical GLONASS receiver 
design 


The block diagram of the described 
GLONASS receiver is shown in Fig.14. 
The GLONASS receiver uses the same 
type of antenna and LNA and the same 
dedicated DSP hardware and micro- 
computer as its GPS counterpart. The 
main difference between the two re- 
ceivers is in the downconverter. The 
GLONASS receiver includes a tuneable 
downconverter, otherwise the wide 
FDMA channel spacing would require 
impractically high sampling rates in the 
dedicated DSP hardware. 


The downconversion from the GLO- 
NASS LI frequency range (1602 to 
1615.5 MHz) is made in two steps for 
convenient image filtering. To reduce 
group-delay variations, the first conver- 
sion is made tuneable and the second is 
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fixed. .n this case the only contribution 
to group-delay variations across the 
GLONASS L1 frequency range are the 
tuned circuits at 1.6 GHz. Group-delay 
variations introduce errors in the meas- 
ured time differences, so they immedi- 
ately affect the accuracy of a naviga- 
tion receiver. This problem does not 
exist in a GPS receiver, since all GPS 
satellites transmit on the same carrier 
frequency and any signal filtering pro- 
duces the same group delay on all 
satellite signals that exactly cancels-out 
when computing the differences. 


Both wide . Fs are fixed tuned at 118.7 
MIfz and 10.7 MHz respectively. To 
avoid any group-delay variations in the 
wide .Fs, the frequency synthesiser 
steps must accurately match the channel 
spacing so that all signals are converted 
to the same .F values. Finally, the .F 
limiter should not introduce a variable 
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Fig.14: GLONASS Receiver Block Diagram 
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delay as the input signal strength is 
changed when switching among chan- 
nels. The second wide IF signal at 10,7 
MHy, is sampled with 4500 kHz produc- 
ing a third downconversion to a nomi- 
nal centre frequency of 1687.5 kHz. 


There are several difficult-to-mect re- 
quirements for the frequency synthe- 
siser supplying the signal for the first 
conversion. This synthesiser has to 
provide a clean signal in the frequency 
range from 1483 to 1497 MHz in steps 
of 562.5 kHz. Its phase noise should be 
low cnough to allow carrier lock and 
50bps navigation data demodulation: its 
spectral linewidth should be about 10 
times narrower than required in a voice 
SSB receiver. Finally, in a time-multi- 
plexed, single-channel receiver the syn- 
thesiser should be able to switch and 
settle to another frequency in less than 
1 ms the GLONASS C/A-code period, 
to avoid increasing the switching dead 
time. 


The frequency synthesiser is a PLL 
with a frequency converter in the 
feedback loop, to decrement the divider 
modulo, increase the loop gain, speed- 
up the settling and improve the output 
phase noise performance. ‘The feedback 
signal is downconverted to the fre- 
quency range 25 to 38 MIHIz, so that a 
very low programmable loop-divider 
modulo between 45 and 69 is required. 
The comparison frequency is set to 
562.5 kHz. 


A well-designed PLL will settle in 100 
to 200 clock periods of the comparison 
frequency and the described PLL 
achieves this performance with a set- 
tling time between 200 and 300 micro- 
seconds. 


oe 
The described GLONASS receiver is 
using a master crystal oscillator at 
18.000 MHz. This frequency is multi- 
plied by 6 to obtain the 108 MHz signal 
required for the second conversion and 
by 81 to obtain the 1458 MHz signal 
required for the PLL feedback-loop 
conversion. ‘The master oscillator fre- 
quency is divided by 4 to obtain the 
4500 KHz sampling frequency and by 
32 to oblain the 562.5 kHz PLL 
reference frequency. Like in the GPS 
receiver, in place of an expensive 
TCXO conventional crystal oscillators 
were used in all of the prototypes built, 
limiting somewhat the operating tem- 
perature range. 


In the described GLONASS receiver, 
the microcomputer has one function 
more. Besides controlling the dedicated 
DSP hardware, keyboard and LCD 
display, all identical to the GPS coun- 
terparts, the microcomputer has to set 
the frequency synthesiser when switch- 
ing among channels. ‘he operating 
software is very similar to that in the 
GPS receiver and has the same hard- 
ware requirements: 32kbytes of 
EPROM, 128kbytes of battery-backed 
CMOS RAM and a_battery-backed 
real-time clock. 


3.6. GPS/GLONASS dedicated DSP 


hardware design 


Although the theory of operation of an 
1-bit DSP GPS or GLONASS receiver 
has already been discussed, the practi- 
cal implementation still offers many 
different choices and some additional 
problems to be solved. For example, 
from the theoretical point-of-view it is 
unimportant whether the code lock or 
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the carrier lock is achieved first. In 
practice, the code lock should be 
achieved first and should be completely 
independent from the carrier lock, both 
to speed-up the initial signal acquisition 
and to avoid loosing lock at short signal 
dropouts (obstructions, fading) or re- 
ceiver frequency reference instabilities, 


The block diagram of the practically 
implemented GPS/GLONASS dedicated 
DSP hardware is shown on Fig.15. 
Although the implemented hardware is 
intended for a single channel, time 
multiplexed operation, it differs signifi- 
cantly from the theoretical block dia- 
gram shown on Fig.12. The main 
difference is that there are four signal- 
despreading mixers (multipliers, cx-or 
gates) and four integrators (counters) 
for one single channel. 
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In practice, two scparate signal-d- 
espreading mixers are required when 
downconverting to a narrow IF of 
almost zero. The mixers are driven with 
the same satellite signal replica, modu- 
lated with the same code, but with the 
carriers in quadrature. In this way no 
information is lost after signal de- 
spreading, downconversion and integra- 
tion. The code lock can be made 
completely independent from the carrier 
lock, since the narrow IF signal ampli- 
tude-can be computed out of the I and 
Q integration sums without knowing the 
cartier phase. The same |] and Q 
integration sums are used in a different 
way to achieve carrier lock and extract 
the 50bps navigation data. Due to the 
low sample rate (1 kIIz) the latter are 
conveniently performed in software. 
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Fig.15: GPS/GLONASS dedicated DSP Hardware Block Diagram 
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Although code lock may be maintained 
by dithering the locally generated sig- 
nal replica, two separate narrow IFs for 
an “early” and a “late” local signal 
replica provide a 3dB improvement in 
the signal-to-noise ratio on time-delay 
measurements. The former solution, 
code dithering, is usually used in 
receivers with an analogue narrow IF, 
since it is difficult to build two identi- 
cal circuits in analogue technology, The 
Jatter solution is used in receivers with 
a DSP narrow IF, since DSP circuits 
perform the same numerical operations 
and are therefore mathematically identi- 
cal. 


To achieve the 3dB_ signal-to-noise 
improvement, two separate sets of I and 
Q_ signal-processing chains for the 
nearly” and “late” signal replicas need 
to be used. This brings the total number 
of signal-despreading mixers and inte- 
grators to four. Of course the local 
signal replica generation includes the 
generation of four different signals: 
I-EARLY, Q-EARLY, I-LATE — and 
Q-LATE. All these signals can be 
obtained from a single carrier and code 
generator, since they are merely de- 
layed versions of the same signal: either 
the carrier or the code or both are 
delayed. In DSP, delays can be easily 
obtained with shift registers, 


On the other hand, the local satellite 
signal replica generation can be simpli- 
fied with a look-up table. Since the 
integration period is 1 ms and the input 
sample rate is 6139 kHz (GPS) or 4500 
kHz (GLONASS), there are only 6139 
or 4500 different bits to be stored in the 
look-up table for each despreading 
mixer and integrator. The look-up table 


Ay 
oe 
is written by the microcomputer since it 


does not need to be updated very 
frequently. 


The carrier frequency only needs to be 
updated less than once per minute while 
the carrier phase can be adjusted in 
software since both I and Q integration 
sums are available. The code rate docs 
not need to be adjustable if the code 
phase can be corrected every 10 milli- 
seconds, For the latter reason the code 
phase is made adjustable in hardware 
by a variable-delay circuit. 


The variable-delay circuit used to ad- 
just the code phase also brings a 
disadvantage. The carrier frequency can 
only be adjusted in steps of | kHz, since 
the carrier phase should be continuous 
when the address counter reaches the 
end of the look-up table and is reset 
back to the beginning. The carrier 
frequency error can therefore reach +/- 
500 Hz and although it is compensated 
in software, it degrades the sensitivity 
of the receiver by up to 4dB (at +/- 500 
Hz error). 


There are several ways to avoid this 
problem, like two separated code and 
carrier look-up tables or a double- 
length table with a presettable address 
counter. However, in practice the sim- 
plest circuit was preferred in spite of 
the 4dB sensitivity penalty. Both GPS 
and GLONASS receiver prototypes are 
therefore using the simple look-up table 
generator described above. 


The local signal replica generation also 
explains the choice of the input sam- 
pling rates and wide IF nominal centre 
frequencies. Ideally, to avoid spectrum 
aliasing the wide IF nominal centre 
frequency should be equal to 1/4 of the 
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sampling rate or any odd multiple of 


this value: 1536 kHz for GPS or 
1125 kHz for GLONASS. 


In practice 6139 kHz was selected as 
the sampling rate for the GPS receiver 
to avoid interference with the GPS 
C/A-code rate (1023 kiHz), since the 
described look-up table generator main- 
tains a fixed phase relationship between 
the code transitions and sampling rate. 
Considering the various conversion fre- 
quencies obtained from the same 
source, an IF of 2303 kHz resulted after 
signal sampling. 


In the GLONASS receiver, any interfer- 
ence between the sampling rate and 
code rate are unimportant since all 
satellites use the same C/A-code. The 
sampling rate of 4500 kHz was chosen 
for convenience. Considering the opera- 
tion of the frequency synthesiser, the 
final wide IF value could be chosen in 
562.5 kHz steps. The value of 1687.5 
kHz was selected to avoid some spuri- 
ous frequencies generated in the synthe- 
siser. 


Finally, the described dedicated DSP 
hardware always requires the support of 
a microcomputer. The latter should 
compute and load the look-up tables 
first. After each interrupt request (every 
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millisecond) the microcomputer reads 
all four integrated sums. From the I and 
Q components it computes the early 
and late magnitudes used to search and 
maintain code lock. The code phase 
required to maintain lock is at the same 
time the result of a time-delay measure- 
ment, referenced to the receiver clock. 
The difference of two such measure- 
ments is a parameter of a navigation 
equation. 


On the other hand, the T average and Q 
average are supplied to a Costas-loop 
demodulator to recover the carrier and 
demodulate the SObps navigation data 
bits. Then the subframe or line sync is 
detected to format the data stream and 
check the parity bits before the naviga- 
tion data is used in the computations. 


10. 
LITERATURE 


All literature references in this article 
are to be found on page-77 of issue 
2/94 


(To be continued) 


Very low noise aerial amplifier for the 
L-band as per the YT3MV article on pag 


96 of VHF Communications 2/92. 


° | Kit complete with housing Art No. 6358 


set 


DM 69. Orders to KM Publications at the 
address shown on the inside cover, or to 
UKW-Berichte direct. 
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Matjaz Vidmar, SS3MV 


A DIY Receiver for GPS and 
GLONASS Satellites 


Part-3b 


Quadrifilar Backfire Helix 


Antenna 


Although long range, precision navi- 
gation systems like GPS or GLO- 
NASS were designed to be independ- 
ent as much as possible of the per- 
formance of either transmitting or 
receiving antennas, the antennas used 
still] have some influence on the 
system performance. 


1 


ANTENNA REQUIREMENTS 


The transmitting antennas installed on 
the spacecraft have a shaped beam to 
supply any Earth-located users with the 
same signal strength and use the on- 
board transmitter power more effi- 
ciently. 


Maintaining the same signal strength is 
especially important in CDMA, since 
the GPS C/A-codes are too short to 
offer a very good crosstalk perform- 
ance. The ideal recciving antenna 
should have a hemispherical radiation 
pattern, offering the same signal 
strength from a satellite at zenith and 
from another satellite just above hori- 
zon. Further, the receiving antenna 
should match the transmitter polarisa- 
tion (RHCP) in all valid directions. 


Finally, the receiving antenna should 
altenuale any signals coming from un- 
desired directions, like signals coming 
from negative elevations, since these 
are certainly reflected waves and the 
latter are a major source of measure- 
ment errors due to their unknown 


propagation path. 
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THE TURNSTILE 
ANTENNA 


Although a turnstile antenna 
(two crossed dipoles fed in 
quadrature) with or without a 
reflector is frequently used 
for satellite reception, this 
antenna is-not very suitable 
for satellite navigation for 
several reasons. The polarisa- 
tion of a turnstile antenna is 
circular only in the zenith 
direction and is completely 
linear in the horizon plane. 
Therefore, a turnstile antenna 
offers no discrimination be- 
tween the desired RHCP di- 
rect wave and the unwanted 
LHCP reflected wave, since 
circularly polarised waves 
changed their sense of polari- 
sation on each reflection. Re- 
flected waves cause severe 
measurement errors and a 
relatively slow and deep sig- 
nal fading, so that the re- 
ceiver even looses lock on 
the signal. 


3: 
MICROSTRIP PATCH 
ANTENNA 


A better alternative is a 
microstrip patch antenna. A 
single microstrip patch reso- 
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Fig.l: The Quadrifilar Backfire Antenna with 
Right-Hand Circular Polarisation 


VHF COMMUNICATIONS 4/94 


nator provides a useful radiation pattern 
with a reasonably circular polarisation 
over a wide range of elevations. Unfor- 
tunately the radiation pattern of a 
microstrip antenna falls down to zero in 
the horizon plane. Microstrip antennas 
are usually used when a simple, low- 
profile antenna is required, usually to 
be installed on a vehicle roof. Since 
low-elevation satellites can not be re- 
ceived, a microstrip antenna usually 
limits the available GDOP. 


4. 
THE QUADRIFILAR 
BACKFIRE ANTENNA 


The best antenna for satellite navigation 
and other applications requiring hemi- 
spherical coverage scems to be the 
quadrifilar backfire helix (also called a 
“volute” antenna). Such an antenna 
provides a shaped conical beam. The 
beam shaping and cone aperture can be 
controlled by adjusting the helix radius, 
turns pitch distance and number of 
turns as described in [11]. By the way, 
the same type of antenna is frequently 
used on low-Earth orbit satellites, like 
the NOAA weather satellites. 


As the GPS and GLONASS satellites 
already provide a constant — signal 
strength for Earth-located users regard- 
less of the satellite elevation, no par- 
ticular beam shaping is required for the 
receiving antenna. The optimum 
number of tums of a quadrifilar back- 
fire helix used as a GPS or GLONASS 
receiving antenna seems to be between 
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1.5 and 3. Making a quadrifilar backfire 
helix longer by increasing the number 
of turns does not have much effect on 
the gain or the beam-cone aperture, but 
it improves the beam shaping and 
further attenuates the undesired lobe in 
the opposite direction (downwards). 


Although the best GPS receivers use 
such a quadrifilar helix with 1.5 or 2 
turns, such an antenna is difficult to 
manufacture and test. In particular, the 
four helical wires have to be fed in 
quadrature and there is very little space 
on top of such an antenna to install the 
feeding network. Further, a 2-turn back- 
fire helix is rather large (20em high) for 
a portable receiver. If its improved 
pattern performance is to be fully 
exploited, the direction of its axis 
should not deviate too much from 
vertical and this is not a very practical 
requirement for a portable receiver, 


Most GPS/GLONASS receivers there- 
fore use a simpler antenna, usually a 
short one-half turn backfire helix like 
shown on Fig, 16. Making the quadri- 
filar helix shorter resonance effects can 
be used to feed the four helical wires 
with the proper signal phases. In par- 
ticular, one pair of wires is made 
shorter to make its impedance capaci- 
live at the operating frequency and the 
other pair of wires is made longer to 
make its impedance inductive at the 
operating frequency, 


To obtain RIICP a conventional end- 
fire helix has to be wound like a 
right-hand screw. The backfire helix is 
just opposite: .to obtain RHCP the 
backfire helix has to be wound as a 
lefl-hand screw, besides the proper 
phasing of the four helical wires, of 
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course! Further, the backfire helix re- 
quires no reflector, The four helical 
wires are fed at one end of the helix 
and shorted together at the other end of 
the helix. Since the main (desired) 
radiation lobe is directed towards the 
feedpoint and away from the shorted 
end, such an antenna is called a 
backfire antenna. 


The feedpoint impedance is in the 50Q 
range, symmetrical. A good match to 
50Q is usually sacrificed for the radia- 
tion pattern which is much more impor- 
tant. Usually one of the four helical 
wires is replaced by a semi-rigid co- 
axial cable of the same outer diameter 
to form an “infinite balun’. on the other 
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hand, the performance of the antenna is 
not degraded much if no balun is used 
as shown on Fig. 1. 


In the practical construction of a half- 
turn quadrifilar helix it is especially 
important to respect the exact lengths 
of the helical wires, since the antenna 
uses resonance effects and is rather 
narrowband. The dimensions shown on 
Fig. 16 are for the GPS L1 frequency 
(1575.42 MHz). A GLONASS LI an- 
tenna should be approximatcly 3% 
smaller. Finally, an antenna for both 
GPS and GLONASS LI channels can 
be built by designing it for the average 
of the two frequency bands. 


IMPROVEMENTS - 
CHANGES 


Suppression of interference in 70-cm 
ATV mode using highly selective 
notch filter, by E.Berberich; 1/94 
pp.45-55. 


Some errors crept into Fig.12 on p. 52, 
so here’s the circuit again. 
TOnF 


Improvements and additions to the 
Spectrum Analyser by Dr.J.Jirmann, 
DBINV 


Some points were not clear regarding 
the structure of the spectrum analyser 
and need correcting: 
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1. Printed circuit board 007 (LO/PLL): 
Circuit diagram and components dia- 
gram gave different values for resist- 
ance of 17, pin-2: the version with a 
56k resistance to earth is correct. 


The capacitor at pin-4 of 13 (NE 5534) 
has a purely blocking function. It could 
be given a value of, for example, 0.1uF. 


2. Printed circuit board 009 (run-off 
control): The tendency of the emitter 
follower to oscillate did not become 
apparent until the layout had been 
completed. It can be remedied by 
means of a Ink (not IuF) ceramic 
capacitor on the foil side, 


Circuit diagram and components dia- 
gram gave different values for resist- 
ance of 12, pin 2 to earth, The correct 
value here is 150k; at 39 k, the tuning 
diode in the second LO would have a 
bias voltage in the conducting direction. 
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Matjaz Vidmar, SS3MV 


A DIY Receiver for GPS and 
GLONASS Satellites 


Part-4 


In this part of the series complete 
construction details will be shown for 
the GPS RF Module and the IF 
Converter, the GLONASS RF Mod- 
ule and IF Converter and the GLO- 
NASS PLL Synthesiser Converter. 


4. 

The RF and IF Stages of the 
GPS and GLONASS 
Converters. 


4.1 The Antenna 


The Quadrifilar Backfire Antenna used 
by the Author for this project was 
described in part-3b of this project in 
VHF Communications 4/1994, pp.197 - 
200. 


4.2. Low-Noise Amplifier 


This unit, which is common to both the 
GPS and the GLONASS receive con- 
verters was described fully in VHF 
Communications 2/1992, pp. 90 - 96 
and is available as a separate kit from 
KM Publications (see the advertisement 
on page 17 of this issue). 


4.3. GPS RF Module 


The GPS receiver only requires a 
single-frequency (1575.42 MHz) down- 
converter and its design is relatively 
straightforward. The GPS downcon- 
verter includes two modules: a RF 
module built in microstrip technology 
and an IF strip built on a simple, 
single-sided printed circuit board. 


The circuit diagram of the GPS RF 
module is shown on Fig.19, The GPS 
RF module includes three RF amplifier 
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Fig.19; GPS RF Module 


stages and the first downconversion 
mixer. The amplifier stages are identi- 
cal and use silicon MRF571 transistors. 
Much of the gain provided by these 
transistors is lost in the microstrip 
filters, since the latter are etched on a 
lossy but inexpensive glass fibre-cpoxy 
faminate. 


The first downconversion to 102 MHz 
is performed by a harmonic mixer using 
two anti-parallel Schottky diodes 
HP2900, BA481 or similar. Such a 


mixer has a higher noise figure than 
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MRFS71 


La 
INPUT 
T3I6MHZ 


conventional diode mixers, especially 
when using the suggested low fre- 
quency diodes, On the other hand, the 
required local oscillator signal is at 
736 MHz, only half of the frequency 
required for the downconversion 
(1473 MHz). 


The RF module circuit includes a 
network to supply with +12V the GaAs 
FET preamplifier through the RF cable. 
On the other hand, the +12V supply 
voltage for the RI module itself is 
taken out of the IF converter, after 


Fig.20: 

GPS RF Module, 
upper side 

(top view) 
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Fig.21: GPS RF Module Component Overlay 
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Fig.22: GPS IF Converter Multiplier and Mixer 
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Fig.23: GPS IF Converter Local Oscillator 


being filtered by a choke and a 100uF 
capacitor, The RF module is built in 
microstrip technology on a double-sided 
board made of 0.79mm_ thick glass 
fibre-epoxy. The upper side is shown on 
Fig.20 while the lower side is not 
etched, The location of the components 
is shown on Fig.21. Before installing 
the components, L3, L5, L7, L9 and 
1.12 should be grounded by soldering 
small Unshaped pieces of wire at the 
marked locations. 


Ll, L4, L6, L8 and L11t are quarter- 
wavelength chokes. These are made 
from about 6cm of 0.15mm_ thick 
copper enamelled wire, tinned for about 
5mm at each end. The remaining wire 
is wound on a 1mm inner diameter and 
the finished chokes are small self- 
supporting coils. on the other hand, L2 
is a commercial 100uH “moulded” 
choke. 


It is recommended to use thin Teflon 
coax like RG-188 for the internal RF 
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wiring of the GPS receiver. The braid 
of the cable should be soldered directly 
to the microstrip groundplane while the 
central conductor reaches the upper 
tracks through a hole in the printed- 
circuit board. To avoid shorts, the 
copper plating around this hole on the 
groundplane side should be carefully 
removed using a much larger (3mm) 
drill tip. 


The GPS RF module needs some ad- 
justments of the striplines and these are 
best performed after all of the receiver 
hardware is assembled. L3, L5, L7 and 
L9 usually need to be trimmed shorter 
by about Imm at the open end to 
achieve the maximum gain at 1575 
MIlz, On the other hand, L10 and L12 
may need some small pieces of copper 
foil (about 7mmx7mm) at different 
locations along these striplines to 
achieve the best noise figure from the 
diodes actually used in the mixer. 
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Fig.24: 
GPS IF Converter, 
bottom view 
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Fig.25; GPS IF Converter Component Overlay 
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4.4. GPSTF Converter 


The GPS IF strip includes a second 
downconversion to 10 MHz, signal 
amplification and limiting at 10 MHz 
and the generation of all required local 
oscillator and clock signals from a 
single master frequency reference. 


The second downconversion to 10 MHz 
and the LO frequency generation is 
included in the GPS IF converter 
module shown on Fig.22 and Fig.23. 
The GPS IF converter module includes 
a 6139 kHz crystal oscillator (Fig.23). 
This frequency is used both for signal 
sampling and suitably multiplied for 
both downconversions. Since the re- 
quired short term stability is very high, 
in the LE-9 range, to be able to 
demodulate the 50 BPS PSK navigation 
data, the crystal oscillator has its own 
supply regulator 7805 and is followed 
by two buffer stages. 


The crystal oscillator output frequency 
is first multiplied by five to obtain 30,7 
MHz and then by three to obtain the 92 
MHz required for the second downcon- 
version. Three additional frequency- 
doubler stages are required to obtain 
the first downconversion signal at 736 
MHz from the available 92 MHz signal. 
The design of all multiplier stages is 
similar and is using two tuned circuits 
in each stage execpt for the first stage, 
where three tuned circuits are necessary 
due to the higher multiplication factor. 


The 102 MHz IF signal is first ampli- 
fied (BFX89) and then filtered (L9 and 
L10). The second mixer is a simple 
dual-gate MOSFET mixer (BF981). The 
selectivity provided by the tuned cir- 
cuits at 102 MHz (L9 and L10) and at 
10 MIiz (1.1) is already comparable to 
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the GPS C/A-code signal bandwidth (2 
MHz)In fact, L11 already requires 
damping resistors to achieve the re- 
quired bandwidth. 


The GPS IF converter is built on a 
single-sided board as shown on Fig.24. 
The location of the components is 
shown on Tig.25. Due to the limited 
space all of the resistors are installed 
vertically, The capacitors are conven- 
tional ceramic discs (except for LOOuF) 
with a pin spacing of 5mmCapacitive 
trimmers are plastic foil types of 7.5mm 
diameter: green 4-20pF and yellow 
2-10pl. There is also a wire jumper 
marked with “A”. 


The BFX89 is used as an universal RF 
transistor in this module and has many 
possible replacements: BFY90, BF'W30 
etc. The four leads of the BF981 
MOSFET are bent so that the device is 
inserted in the printed-circuit board 
with the marking towards the board. 
The 7805 regulator does not require a 
heat sink provided that it is-a TO-220 
version. 


The GPS IF converter includes several 
inductors, Most of them are air-wound, 
self-supporting coils wound with copper 
enamelled wire of cither 0.5mm_ or 
1mm diameter. The turns of these coils 
are not spaced and the leads go straight 
through the printed-circuit board with- 
out any additional bending or forming. 
In these way the coils themselves have 
about 1/4 of a turn less than specified 
in the following paragraph. 


L1 and L2 have 3 turns each of Imm 
wire wound on a 4mm inner diameter. 
L3 has 5 turns of 0.5mm wire wound on 
a 3mm inner diameter. L4 and LS have 
two turns each of 1mm wire wound on 
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a 3mm inner diameter. L6 has 3 turns 
of 0.5mm wire wound on 3mm inner 
diameter. L7 and L8 have one single 
turn (or “U" loop) of imam wire with a 
3mim inner diameter, L9 and 1.10 have 
5 turns each of 0.5mm wire on a 4mm 
inner diameter. T‘inally, L13 and L14 
have 6 turns each of 0.5mm _ wire 
wound on a 4mm inner diameter. L13 
has an additional coupling loop of one 
single turn around the main winding. 


L11, L15, 1.16, L17 and L18 are wound 
on standard cores for IF transformers 
(Toko or Mitsumi) with the external 
dimensions of 10mm x 10mm. LI1 
should have about 4.5uH and in prac- 
tice this means 15 tums of 0.15mm 
diameter copper enamelled wire on a 
10.7 MHz IF transformer core set 
including a fixed central ferrite core, an 
adjustable ferrite cup, various plastic 
support parts and a metal shielding can. 
L15, L.16 and L17 should have about 
0.4uH and in practice have 6 turns of 
0.15mm diameter copper enamelled 
wire on a 36 MHz IF transformer core 
set including a plastic support with a 
central adjustable ferrite screw, a plas- 
tic cap and a metal shielding can. 


The exact value of L18 depends on the 
crystal used and the frequency required. 
In all of the prototypes built inexpen- 
sive computer crystals designed for 
6144 kHz were used. These require 
quite a large inductivity to be pulled 5 
kHz down to about 6139 kHz. An 
inductivity around 4OuH is required for 
this shift. The exact value depends 
much on the crystal used and the 
parasitic capacitances of the circuit. 
Since the performance of the GPS 
receiver depends on the stability of this 


Cs 
master crystal oscillator, also L18 needs 
to be very stable. Therefore a 36 MIIz 
IF transformer core set is recommended 
and the latter requires about 60 turns of 
0.08mm diameter copper cnamelled 
wire. 


Finally, L12 is a 100 wH “moulded” 
choke. 


The GPS IF converter has several 
connections. The two coax cables carry- 
ing IF and LO signals to the RF module 
and the +12V supply wire for the RF 
module are all soldered directly to the 
bottom side of the IF converter module. 
The 10 MHz IF output, the 6139 kHz 
clock output and the +12V_ supply 
voltage are available on a 7-pin connec- 
tor obtained from a picce of a good- 
quality IC socket with round contacts. 


The GPS IF module requires several 
adjustments, but the crystal oscillator 
should be adjusted first to roughly 6139 
kHz. Then the multiplicr chain should 
be adjusted. Each multiplicr stage 
should be adjusted to provide the 
maximum signal at the required fre- 
quency to the next stage. The levels of 
the RF signals can be easily monitored 
with a DC voltmeter, since they are 
rectified by the BE junction of the next 
stage. Without any RF input, the DC 
voltage is set to about 0.7V across the 
BE junction. When the multiplier chain 
is operating correctly, this voltage 
should decrease down to about zero and 
may even become negative 


If the transistor base goes more nega- 
tive than -0.5V, RF transistors may be 
damaged and this should be avoided by 
decreasing the values of the coupling 
capacitors. 
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Of course, the voltmeter required for 
these adjustments should only be con- 
nected through a RF choke to avoid 
disturbing the RF circuit. A 10kohm 
resistor may also be used as a RF 
choke. In this way all of the multiplier 
stages can be adjusted except the last 
one to 736 MHz, since no BE junction 
follows this stage. The level of the 736 
MIIz, signal is monitored in a different 
way, by connecting a DC ohmmeter to 
the IF output Of the mixer. The higher 
the LO signal fevel, the lower the 
resistance measured by the ohmmeter. 


The signal circuits (L9, L10 and L11) 
are best adjusted after the receiver is 
completely assembled, since the follow- 
ing IF amplifier has a S-meter output. A 
grid-dip meter can be used as a signal 
source at 102 Mliz. The trimmers in 
parallel to L9 and L10 tune almost to 
their maximum capacity and L10 may 
sometimes require an additional capaci- 
tor in parallel. The final adjustment of 
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Fig.26: GLONASS RF Module 
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the signal circuits is best performed on 
a real GPS signal obtained from a 
directional antenna (a 15 turn helix or a 
small dish) pointed to a GPS satellite, 


Finally, the crystal oscillator showld be 
adjusted to the exact frequency required 
by the software. For the current version 
V122 the exact frequency is 6139.050 
kHz, but this may change in the future, ' 
The exact frequency is specified in the 
program listing. 


4.5. GLONASS RF Module 


The GLONASS receiver requires a 
tuneable downconverter across all of 
the 25 GLONASS channels spacing 
from 1602 MHZ to 1615.5 MHz, there- 
fore its design is more complicated than 
the GPS counterpart. The GLONASS 
downconverter is divided into four 
modules for shielding purposes and 
differences in the construction technol- 
ogy: an RF module and a PLL synthe- 
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siscr converter built in microstrip tech- 
nology and an IF converter and synthe- 
siser logic built on simple, single-sided 
printed circuit boards. 


The circuit diagram of the GLONASS 
RF module is shown on Fig.26. The 
GLONASS RF module includes two 
selective RF amplifier stages, the first 
receiver mixer to the first (fixed) IF of 
118.7 MHz, and a VCO followed by a 
buffer stage. The two RF amplifier 
stages are identical and use MRFS71 
transistors. Since the GLONASS RF 
module is built on a lossy, but thicker 
laminate than GPS, the losses in the RF 
filters are lower and two amplifier 
slages provide enough gain. 


The VCO includes an amplifier 
(BFR91) and a highly-selective inter- 
digital filter feedback network. Such a 
VCO can only cover a very limited 
frequency range (about 10% around the 
central frequency), but its phase noise 
is very low. The VCO is tuned by a 
BB105 varicap in the central finger of 
the interdigital feedback network. 


The VCO is followed by a buffer stage 
with another BFR9IA microstrip cou- 
pler takes part of the VCO output 
signal to drive the PLL circuits. The 
VCO and RF signals are then combined 
in an interdigital filter network to feed 
the mixer diode HP2900 or BA481. 


The GLONASS RF module circuit 
includes a network to supply with +12V 
the GaAs FET preamplifier through the 
RF cable. 


The GLONASS RF module is built in 
microstrip technology on a double-sided 
board made of 1.57mm thick glass 
fibre-cpoxy. The upper side is shown on 


+ 
Fig.27 while the lower side is not 
etched. The location of the components 
is shown on Fig.28. Before installing 
the components, the resonators of L3, 
L5, L6 and L7 should be grounded by 
soldering short pieces of 1mm diameter 
copper wire at the marked locations. 
The transistors and diodes are installed 
in 6mm diameter holes in the printed 
circuit board. 


Li, L4, L8 and L12 are quarter- 
wavelength chokes. These are made 
from about 6cm of 0.15mm_ thick 
copper enamelled wire, tinned for 
About 5mm at each end, The remaining 
wire is wound on a Imm inner diameter 
and the finished chokes are small 
self-supporting coils. On the other hand, 
L2, L9 and L11 are commercial 120uH 
“moulded” chokes. 


RF interconnections inside the GLO- 
NASS receiver are made with thin 
Teflon coax like RG-188, installed just 
like in the GPS receiver front end. On 
the other hand, GLONASS microstrip 
modules include feedthrough capacitors 
to save space on the printed-circuit 
boards. The feedthrough capacitors are 
soldered to the microstrip groundplane 
from the bottom side. Some compo- 
nents, like chokes and resistors in the 
supply network, are also installed on 
the bottom side of the microstrip 
boards. 


The GLONASS RF module only necds 
few adjustments, mainly to the VCO 
feedback network. To cover the desired 
frequency range, the central finger 
usually needs to be trimmed shorter by 
several mm. The two side fingers-may 
need adjustments if the VCO stops 
oscillating at band edges. 
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The remaining interdigital filters usu- 
ally do not need any adjustments to 
provide the best performance in the 
desired frequency range. If the VCO its 
operating correctly, the mixer diode 
will provide a rectified voltage of about 
-0.4V across the 150ohm resistor. 


ZF OUT | 
118.7MHz 
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GLONASS RF 
Module, upper side 
s (fop view) 


4.6. GLONASS IF Converter 


The GLONASS IF strip includes a 
second downconversion to 10.7 MHz, 
signal amplification and limiting at 10.7 
MHz and the generation of the required 
local oscillator and clock signals from a 
single master frequency reference. 


Fig.28: GLONASS RF Module Component Overlay 
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The second downconversion to 10.7 
MHz and the LO frequency generation 
is included in the GLONASS IF con- 
verter module shown on Fig.29, The 
GLONASS IF converter module in- 
eludes an 18 MITZ master crystal 
oscillator. This frequency is used, di- 
vided by four, for signal sampling, 
divided by 32 as the PLL reference 
frequency and suitably multiplied for 
the second signal downconversion and 
for the PLL downconversion. The GLO- 
NASS IF module only includes the 
oscillator and some multiplier stages. 
The dividers are located in the PLL 
synthesiser logic module and the last 
frequency multiplier is in the PLL 
synthesiser converter. Like in the GPS 
receiver, the required short term stabil- 
ity is very high, in the 1-E-9 range, to 
be able to demodulate the 50 BPS PSK 
navigation data Therefore the crystal 
oscillator has its own supply regulator 
7805 and is followed by two buffer 
stages just like in the GPS IF converter 
module, 


The crystal oscillator output frequency 
is first multiplied by three to obtain 54 
MHz. This signal is then doubled to 
108 MIIz for the second downconver- 
sion and multiplied by three to obtain 
162 MHz to drive the PLL synthesiser 
converter, using two separate multiplier 
stages fed by the same 54 MHz signal. 
The 162 MHz signal is further ampli- 
fied in a buffer stage (BI-R96) to drive 
the SRD multiplier in the PLL synthe- 
siser converter. 


Since the described GLONASS receiver 
includes a more complicated RP front- 
end than GPS, more filtering is required 
in al] multiplier stages to avoid spurious 
frequencies. Therefore multiplier stages 


ce 
may have three or even more tuned 
circuits on their outputs. The 118.7 
MIlz If signal is filtered (9, 1.10 and 
L11) and amplified (BFX89). The sec- 
ond inixer is a simple dual-gate MOS- 
FET mixer (BF981). The selectivity 
provided by the tuned circuits at 118.7 
MHz (19, 1.10 and LI1) and at 10.7 
MIIz (L12) is already comparable to the 
GLONASS C/A-code signal bandwidth 
(1.2 MHz). In fact, 12 already requires 
damping resistors to achieve the re- 
quired bandwidth. 


The GLONASS IF converter is built on 
a single-sided board as shown on 
Fig.30. The location of the components 
is shown on Fig.31. Due to the limited 
space all of the resistors are installed 
vertically. The capacitors are conven- 
tional ceramic discs (except for 1O0uT*) 
with a pin spacing of 5mmCapacitive 
trimmers 4-2OpF are a plastic foil type 
of 7.5mm diameter, marked with a 
green body. There is also a wire jumper 
marked with “A”, 


The BFX89 is used as an universal RF 
transistor as in the GPS JF converter. 
Also the BF981 is installed just like in 
the GPS IF converter module and a 
TO-220 case 7805 regulator is recom- 
mended so that no heat sink is required, 


The GLONASS IF converter includes 
several inductors. Most of them are 
air-wound, self-supporting coils wound 
with copper enamelled wire of 0.5mm 
diameter. The turns of these coils are 
not spaced and the leads go straight 
through the printed-circuit board with- 
out any additional bending or forming. 
In these way the coils themselves have 
about 1/4 of a turn less than specified 
in the following paragraph. 
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Fig.30: 

GLONASS IF 
Converter, bottom 
view 


*12V 


10.7 MHz 


18MHz 
ZF OUTPUT CLK OUTPUT 
‘at iB) 


118. 7MHz 


ZF INPUT 


162 MHz 


LO OUTPUT 


Fig.31: GLONASS IF Converter Component Overlay 
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o 
L5, L6 and L7 have 4 turns cach wound 
on a 3mm inner diameter. L9, L10 and 
L11 have 4 turns wound on a 4mm 
inner diameter. I.13 and L14 have 5 
turns wound on a 4mm inner diameter. 
L14 has an additional coupling loop of 
one single turn around the main wind- 
ing. L1, 12, 1.3, L4 and L12 are wound 
on standard cores for IF transformers 
(Toko or Mitsumi) with the external 
dimensions of Imm x 10mm. 


1.12 should have about 4.5uH and in 
practice this means 15 turns of 0.15mm 
diameter copper enamelicd wire on a 
10.7 MHz IF transformer core set 
including a fixed central ferrite core, an 
adjustable ferrite cup, various plastic 
support parts and a metal shielding can. 
L2, L3 and L4 should have about 
0.13uH and in practice have 3 turns of 
0.3mm diameter copper enamelled wire 
on a 36 MHz IF transformer core set 
including a plastic support with a 
central adjustable ferrite screw, a plas- 
tic cap and a metal shielding can. 


The exact value of 1.1 depends on the 
crystal used and the frequency required. 
In all of the prototypes built inexpen- 
sive computer crystals designed for 
18000 kHz, series resonance, were 
used, These require a smal] inductivity 
in series to compensate for the feedback 
capacitors of the oscillator network. In 
practice about 2uH were required, cor- 
responding to 16 turns of 0.15mm 
diameter copper enamelled wire on a 36 
MHz IF transformer core set. 


Finally, L8 is a VK200 “six-hole” 
ferrite choke and L15 is a 100OuH 
“moulded” choke. 


The GLONASS IF converter module 
has several connections. The two cables 
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carrying the 118.7 MIIz IF from the RF 
module and the 162 MHz LO to the 
PLL synthesiser converter are all sol- 
dered directly to the bottom side of the 
IF converter module. The 10,7 MHz IF 
output, the 18 MIIZ, clock output and 
the +12V supply voltage are available 
on a 7-pin connector obtained from a 
piece of a good-quality IC socket with 
round contacts. 


In the GLONASS IF converter module 
the multiplier stages should be aligned 
first, just like in the similar GPS 
module. However, only the output of 
the first multiplier stage to 54 MHz can 
be monitored as a dip of the following 
stage base voltage. The output of the 
108 MHz multiplier may be observed as 
a dip in the drain voltage of the BF981 
mixer, while the output of the 162 MHz 
multiplier may be measured as the 
rectified voltage by the SRD multiplier 
in the PLL synthesiser converter. 


The signal circuits (L9, L10, L11 and 
112) are best adjusted after the receiver 
is completely assembled, since the 
following IF amplifier has a S-meter 
output. A grid-dip meter can used as a 
signal source at 118.7 MHz. The trim- 
mers in parallel to L9, L10 and LI] 
tune almost to their maximum capacity. 
The final adjustment of the signal 
circuits is best performed on a real 
GLONASS signal obtained from a di- 
rectional antenna (a 15 turn helix or a 
small dish) pointed to a GLONASS 
satellite. 


Finally, the crystal oscillator should be 
adjusted to the exact frequency required 
by the software. For the current version 
V39 the exact frequency is 18000.000 
kHz, but this may change in the future. 
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lig.32: GLONASS PLL Synthesiser Converter 


The exact frequency is specified in the 
program listing. 


4.7. GLONASS PLL Synthesiser 
Converter 


A. single-channel GLONASS receiver 
requires a fast-settling frequency syn- 
thesiser, since the receiver is continu- 
ously switching among different fre- 
quency channels. Besides this require- 


ment the synthesiser should have a low 
phase noise. ‘lo limit group-delay varia- 
tions the synthesiser should supply a 
variable frequency already to the first 
downtonverter. All these requirements 
ask for a PLI. synthesiser with a 
frequency downconverter in the feed- 
back loop, to the divider 
modulo and increase the loop gain. 
Therefore, the GLONASS PLL synthe- 
siser includes a VCO in the RF module, 


decrease 


Fig.33; 
GLONASS PLL 
Synthesiser 
Converter, upper 
side (top view) 
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Fig.34:; GLONASS PLL Synthesiser Converter Component Overlay 


a downconverter and conventional PLL 
synthesiser logic like variable modulo 
dividers and a frequency/phase compa- 
rator. 


The circuit diagram of the GLONASS 
PLL. synthesiser converter is shown on 
Nig.32. The circuit includes another 
buffer stage for the VCO signal around 
1490 MIIz, a step-recovery diode 
(SRD) frequency multiplier by 9, to get 
1458 MIiz from the available 162 
MHz, a mixer diode and an IF ampli4- 
‘ier stage. The VCO buffer stage 
(BFR90) is required to avoid getting 
any unwanted spurious signals back in 
the GLONASS RF module. 


The SRD multiplier uses a very ineffi- 
cient silicon PN-junction diode IN4148. 
Other diodes like VHF TV tuner band 
switching diodes (BA182 or BA482) 
provide an up to 20dB stronger signal 
at 1458 MHz in the same circuit, but a 
higher signal level is not required here 
and it is even harmful, since it may get 
in the RF module and cause wnwanted 
mixing products. In practice it is thus 
convenient to keep the 1458 MHz 
signal level low and drive the mixer 
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diode into the non-linear region with 
the 1490 MHz VCO signal. 


To avoid any spurious generation all 
signal levels are kept low. Even the 
buffered VCO signal amounts to only a 
few hundred mV on the mixer diode 
HP2900. (or BA481) while the 1458 
MHz signal level is much lower. To 
operate efficiently at low signal levels 
the mixer diode receives a DC _ bias 
current. 


The PLL IF signal then needs much 
amplification to reach the TTL level 
required by the variable-modulo coun- 
ter. The first PLL IF amplifier stage 
(BFR90) is built in the PLL converter 
module. The following PLL IF ampli- 
fier stages are located in the PLL 
synthesiser logic module for shielding 
purposes, since harmonics of the PLL 
IF fall in the first TF (118.7 MHz) 
frequency range of the described GLO- 
NASS receiver, 


The GLONASS PLL synthesiser con- 
verter is built in microstrip technology 
on a double-sided board made of 
1.57mm thick glass fibre-epoxy. ‘The 
upper side is shown on Fig.33 while the 
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lower side is not etched, The location 
of the components is shown on Fig.34. 
Before installing the components, the 
resonators of L1, L3 and L4 should be 
grounded by soldering short pieces of 
Imm diameter copper wire at the 
marked locations. The transistors and 
diodes are installed in 6mm diameter 
holes in the printed circuit board. 


1.2, L5, L7 and L8 are quarter-wave- 
length chokes. These are made from 
about 6cm of 0.15mm thick copper 
enamelled wire, tinned for about 5mm 
at each end. The remaining wire is 


Ca 
wound on a Imm inner diameter and 
the finished chokes are small self- 
supporting coils. L6 is a self-supporting 
coil with 3 tums of 0.5mm diameter 
copper enamelled wire wound on a 
3mm inner diameter. 


The microstrip filters in the GLONASS 
PLL synthesiser converter usually do 
not require any trimming. The 10kohm 
trimmer for the SRD bias current is 
usually set to SkohmThe SRD multi- 
plier will operate correctly if the recti- 
fied DC voltage by the IN4148 diode 
amounts to about 2V. 
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A DIY Receiver for GPS and 
GLONASS Satellites 


Part-5 


This part of the series continues with 
the construction details for the 
GLONASS PLL Synthesiser, Second 
IF Amplifier and the GPS/GLONASS 
DSP Hardware. 


4.8 GLONASS PLL Synthesiser 
Logic 


To convert the frequency range 
1602 MHz to 1615.5 MHz down to 
118.675 MHz the VCO must operate in 
the frequency range 1483.3125 MITz to 
1496.8125 MHz. Subtracting 1458 
MHz in the PLL synthesiser converter, 
this frequency range is downconverted 
to 25.3125 MHz to 38.8125 MHz. The 
latter frequency range corresponds to 
integer multiples ranging between 45 
and 69 of the GLONASS channel 
spacing of 562.5 kHz. 


The design of the PLL synthesiser logic 
is therefore straightforward and the 
corresponding circuit diagram is shown 
in Fig.36. The PLL synthesiser logic 
includes a PLL IF, a fixed divider by 
32 to obtain the 562.5 kHz reference 
and a frequency/phase comparator. 
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The PLL IF signal in the range from 25 
MIIz to 39 MHz is first amplified to a 
TTL level in a two stage amplifier. The 
gain of this amplifier is set higher than 
required to have a considerable safety 
margin. ‘The base bias resistor of the 
second stage may need some trimming 
although the suggested value of 2.2kQ 
will usually work. 


The programmable modulus counter is 
built from two synchronous counters: a 
74F161 and a 74NICl6l. A 74Fxxx 
counter is required in the first stage to 
operate reliably at the highest 
frequency, since the PLL IF may be 
several tens of MIIz above 39 MHz in 
the unlocked state! 


The counter feedback network includes 
an inverter and a 74HC157 multiplexer. 
The modulus of the second counter 
(74HC161) is programmed directly. 
The modulus of the first counter 
(74F161) is set to 10, except during the 
last state of the second counter, when 
the 74HC157 switches the 74F161 
preset inputs to the 4094 outputs. In 
this way setting the modulus of the 
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Fig.35: GLONASS Synthesiser Logic 


second counter changes the whole 
divider modulus in steps of 10, while 
setting the modulus of the first counter 
during the last cycle only provides the 
single-count steps. 


The 4094 is an 8-bit shift register with 
output latches, It is used as a serial- 
to-parallel interface driven by the 
computer, Of the eight available output 
lines, four are used to control the 
modulus of the 74HC161 counter and 
the other four to control the modulus of 
the 74F161 during the last cycle of the 
74HC161. One should be especially 
careful when programming the modulus 
of the divider: the data is inverted and 
the first divider modulus should never 
be set too low to allow for the delays in 
the slower 74Hexxx logic! 


The 18 MHz master reference 
frequency is also amplified to TTL 
level in a_ single-stage amplifier 
(2N2369). A 74HC393 counter divides 
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this frequency by four to obtain the 
4500 kHz sampling frequency and by 
32 to obtain the PLL reference 
frequency. The 4500 kIIz signal is 
attenuated with a resistor network to 
limit spurious radiations. It is then 
amplified back to TTL level in the 
dedicated DSP hardware module. 


The frequency/phase comparator is a 
charge-pump circuit, including two D- 
type flip-flops (74HC74), a feedback 
network with a NAND gate and charge- 
pump switches with Schottky diodes. 
The backlash problem is solved by 
making the charge-pump circuit faster 
than the feedback network. This does 
not make the phase detector linear yet, 
but provides a stable locking point for 
the PLL with no dead zone, and 
produces a very clean synthesiser signal 
spectrum. An additional NAND gate 
provides a LOCK signal for test 
purposes, 
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The GLONASS PLL receiver logic is 
built on a single-sided printed circuit 
board as shown in Fig.36. The location 
of the components is shown in Fig.37. 
There are three wire jumpers on this 
board and two of them are installed 
below the 741IC1I57 multiplexer. 
A complex single-sided board also 
places some constraints on the 


installation of the resistors: those with a 
installed 
others are 


10mm _ hole 
horizontally, 


spacing are 
whilst the 


2N2369 100p 


1 uD 
I -0- Ty, 


1000 
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Fig.36: 

PCB Layout for 
the GLONASS 
Synthesiser Logic 


installed vertically to save space. All of 
the capacitors are ceramic with a 5mm 
pin spacing, including the luF 
(multilayer). 


Ll is a commercial 100HH moulded 
choke. The module has three 
connectors with 3, 4 and 7 contacts, 
made from pieces of good quality IC 
sockets. The integrated circuits should 
be soldered directly to the board except 
for the 4094, It is recommended to 
install this IC on a socket, so that it can 


4, SMHz OUT 


Fig.37: Component Layout for the GLONASS Synthesiser Logic 
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Fig.38: GPS/GLONASS Second IF Amplifier 


be removed from the circuit and 
replaced by wire jumpers, to be able to 
test the synthesiser without the 
computer running. 


The GLONASS synthesiser logic may 
require a single adjustment: the bias 
resistor for the second PLL IF amplifier 
stage. This may be adjusted if the 
output DC voltage deviates much from 
1.3V (with no input signal) or if the 
programmable counter does not operate 
reliably. 


4.9 GPS/GLONASS Second IF 
Amplifier 


Both GPS and GLONASS receivers 
require a limiting IF amplifier at the 
final IF frequency around 10 MHz. The 
circuit diagram of this amplifier is 
shown in Fig.38. The GPS/GLONASS 
second IF amplifier includes a first 
stage with a bipolar transistor, BFX89, 
and a second stage using the integrated 
circuit CA3089. 


The gain of the first stage is limited by 
the 22Q resistor in the emitter circuit. 
The first stage is followed by a tuned 


circuit (L1) to limit broadband noise 
and avoid amplifying various spurious 
signals from the many oscillators inside 
a GPS or GLONASS receiver. The 
damping resistor in parallel with L1 
sets the bandwidth of this tuned circuit 
to be comparable with GPS or 
GLONASS signal bandwidth. 


The second stage uses a popular FM IF 
strip integrated circuit. The latter 
provides wideband amplification and 
limiting, while the discriminator section 
of this integrated circuit is not used 
here. The limited IF output is available 
on pin-8 and the signal level amount to 
a few hundred millivolts at 10 MHz. 
This is not enough to drive the 
following TTL logic directly and the 
remaining gain is built inside the 
dedicated DSP hardware module. 


The CA3089 integrated circuit includes 
an S-meter output. This is of little use 
during actual receiver operation, since 
the satellite signal levels are 
comparable to noise in the wideband 
IF. In the case of a GPS receiver, the 
S-meter output can only show the sum 
of all the signals present. On the other 
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hand, the S-meter output is very useful 
during receiver testing and alignment of 
the RF and the first and second IF 
tuned circuits, 


Both GPS and GLONASS receivers 
include an S-meter function inside the 
narrowband I]' processing. Since the 
latter is done in software, the real 
receiver S-meter as displayed on the 
LCD is just another software function 
and is NOT related to the hardware 
S-meter output of the IF strip. 


The GPS/GLONASS second IF 
amplifier is built on a_ single-sided 
printed circuit board as shown in 
Fig.39, with the component location 
layout shown in Fig.40. Due to limited 
space all the resistors are mounted 
vertically. The capacitors are 
conventional disc ceramics (except for 
the 22uF) with a pin spacing of 5mm. 


L1 is wound on a 10.7 MHz IF 
including a 


transformer set, fixed 


— 
-oO- 
220 22n «22n tn loam TOO 
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Fig.39: 
PCB Layout for the GPS/GLONASS 
Second IF Amplifier 


central ferrite core, an adjustable ferrite 
cup, various plastic support parts and a 
metal shielding can. The primary 
(resonant) winding of L1 has 10 turns 
of 0.15mm diameter enamelled copper 
wire, corresponding to an inductivity of 
about 2yH. The secondary (link) 
winding has two turns of the same wire. 
1,2 is a LOOpH moulded choke. 


The second IF amplifier module has 
two connectors: a 2-pin connector for 
the input and a 5-pin for the output and 
supply voltage, both obtained from 
pieces of good quality IC socket with 
round contacts. 


The tuned circuit with L1 is best 
adjusted after the GPS or GLONASS 
receiver is completely assembled, 
finding the maximum DC voltage on 
the test S-meter output in the same IF 
module. The final adjustment of all 
signal circuits is best performed on a 
real satellite signal obtained from a 


100k 
a 
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INPUT Yee a a TEST 
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Fig.40: Component Layout for the GPS/GLONASS Second IF Amplifier 
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directional antenna (a 15-turn helix or a 
small dish) pointed at an operating 
navigational satellite. A directional 
antenna should provide a higher than 
usual signal-to-noise (SNR) ratio of 
more than 10dB already available in 
the wideband IF. A high SNR _ is 
required to tune the circuits to the 
signal peak and not to noise or some 
spurious signals while observing the 
voltage on the test S-meter output. 


4.10 GPS/GLONASS DSP 
Hardware 


The theory of operation of the 
dedicated GPS/GLONASS DSP 
hardware has already been discussed in 
3.6. Therefore the practical 
implementation only will be described 
in the following section. 


The dedicated GPS/GLONASS DSP 
hardware is built as a peripheral plug-in 
module for the DSP computer (1), (2). 
The circuit diagram of the GPS/ 
GLONASS hardware is shown in 
Fig's.41 and 42. The DSP hardware 
module includes two amplifiers for the 
limited IF signal and master clock 
coming from the analogue part of the 
GPS or GLONASS receiver, a look-up 
table RAM, four signal despreading 
mixers, four correlator counters, all of 
the timing logic to scan the look-up 
table and generate interrupts to the 
CPU and all of the interface circuits 
necessary for the DSP computer bus. 


The input signal amplifiers are built 
with 74HC04 inverters to amplify the 
input signals of a few hundred 
millivolts up to TTL levels. In this way 
the signal levels in the analogue part of 


oe 
the GPS or GLONASS receiver can be 
kept more than 20dB lower, reducing 
the shielding requirements. The supply 
voltage for the 74HC04 is additionally 
filtered to reject the spurious rubbish 
usually present on the +5V computer 
bus power supply. The limited input 
signal is then sampled by a D-type 
flip-flop (4% 74HC74). Considering the 
relationship between the IF and the 


sampling frequency, the sampling 
operation also provides a_ third 
downconversion. 


The look-up tables are stored in a 32k x 
8 static RAM. The RAM area is 
divided into 8 separate areas of 4 
kbytes cach, selectable through a 
microprocessor output port. In this way 
the look-up table does not need to be 
rewritten when switching to another 
satellite. The receiver is usually time- 
multiplexed among four different 
satellites and all four different look-up 
tables are stored in the RAM. When 
switching to another satellite, the 
hardware is simply switched to another 
look-up table and this only requires 
executing a few instructions instead of 
rewriting the whole 4 kbyte table. 


The 4 kbytes of each look-up table are 
written as bytes by the microprocessor. 
The microprocessor writes all of the 
bytes to the same location, since the 
address counter is incremented 
automatically after each write 
operation. In read mode the look-up 
table is scanned by the same hardware 
counter (74HC4040) clocked at half the 
sampling frequency (3069.5 kHz for 
GPS or 2250 kHz for GLONASS). The 
byte data is latched (74HC273) and 
then multiplexed to 4 bits (74HC157) 
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Fig.44: PCB Layout for the GPS/GLONASS DSP Hardware (top view) 


to get all of the four required local 
signal replicas to be multiplied (EXOR 
74HC86) with each input signal 
sample. Each look-up table may be thus 
up to 8192 samples long. The unused 
samples need not be written since they 
are not used by the hardware. 


The dedicated DSP hardware requires 
six programmable counters: four 
correlation accumulators, a sampling 
frequency divider and a variable delay 
counter, all contained in two PD71054 
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(82C54) integrated circuits. Each 
PD71054 contains three almost 
independent 16-bit counters that can be 
programmed in different ways. For 
example, the four correlation counters 
are clocked with the same signal 
sampling frequency and the signals are 
fed to the GATE inputs, which are 
programmed as clock enables. 


The signal sampling frequency (6139 or 
4500 kHz) is divided down to | kHz to 
match the C/A-code period (1ms). 
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Fig.44: PCB Layout for the GPS/GLONASS DSP Hardware (bottom view) 


This signal is also used to request 
interrupts from the CPU, since the 
correlation counters need to be read 
each millisecond. After receiving an 
interrupt request, the CPU will latch the 
contents of all counters in a single bus 
operation and then read the latched 
content of every single counter in 
separate bus operations. The sampling 
clock divider is also latched and read 
and its content is used as an accurate 
timing reference. 


Every interrupt request sets a flip-flop 
that needs to be reset by the 
microprocessor after the interrupt has 
been serviced. Interrupt arm (enable) 
and reset (disable) is performed through 
one (Q4) of the eight output port bits 
provided by the 74HC259 addressable 
latch, Of the remaining 7 bits, three 
(Q1, Q2 and Q3) are used to select one 
of the eight look-up tables in the RAM 
and another bit (QO) is used to select 
either write or read mode for the 
look-up table logic. The last three bits 
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Fig.45: Component Location for the GPS/GLONASS DSP Hardware 


(Q5, Q6 and Q7) are used to control the 
GLONASS PLL modulus or as spares 
in a GPS receiver. 


The bus interface to the DSP computer 
includes a bi-directional data-bus buffer 
(74HC245) and an address selection 
logic (two 74NC138 and one 
74HC245). The bus interface does not 
request any wait states from the 
MC68010 CPU. The address decoding 
for the PD71054_ programmable 
counters must allow simultaneous write 
operations to both control registers of 
both peripherals, to be able to latch the 
contents of all of the counters at 
exactly the same time. Finally, the 
RESET signal is fed to the 74HC259 
addressable latch essentially to prevent 
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any interrupts or other unintended 
operations before the whole DSP 
hardware is correctly initialised. 


The bus addresses are assigned as 
shown in Table-1. However, one should 
notice that the remaining addresses in 
the range from $E0000 to $FFFFF are 
not fully or correctly decoded, although 
the module will acknowledge the 
access to the MC68010. Accessing 
other addresses in this range (either 
reading from, or writing to) will 
probably cause an erratic operation of 
the whole module. The 74HC259 
addressable latch is programmed by 
writing to the specified locations. Since 
only the address is important and the 
data is ignored, CLR.B instructions are 
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The bus addresses are assigned as follows: 


$E0001 
$E0003 


$E0009 
$E000B 
$E0041 
$E0043 
$E0049 
$E004B 


$E0081 
$E0083 
$E0082 


Disable look-up table write mode 
Enable look-up table write mode 


Look-up table address A2 reset 
Look-up table address A2 set 
Look-up table address Al reset 
Look-up table address Al set 
Look-up table address AO reset 
Look-up table address AO set 


Reset and disable |ms interrupt 
Enable Ims interrupt 
Reset and enable I ms interrupt, long transfer! 


$E0089 
$E008B 
$E00C1 
$E00C3 
$E00C9 
$E00CB 


$E800B 


$E8041 
$E8043 
$E8049 


GLONASS PLL modulus STROBE reset 
GLONASS PLL modulus STROBE set 
GLONASS PLL modulus DATA reset 
GLONASS PLL modulus DATA set 
GLONASS PLL modulus CLOCK reset 
GLONASS PLL modulus CLOCK set 


Common write to both 71054 command registers 


71054 #1 CTRO - data 0,4 accumulator 
71054 #1 CTRI - data 1,5 accumulator 
71054 #1 CTR2 - data 3,7 accumulator 


$E804B 


$E8081 
$E8083 
SE8089 
SE808B 


SE8001 


used to write to single bytes and a 
CLR.L instruction is used to reset and 
arm the interrupt flip-flop. 


The dedicated DSP hardware board is 
built on a double-sided printed circuit 
board as shown in Fig's.43 and 44, with 
the component overlay shown in 
Fig.45. The single resistors, diodes and 
the 100uH choke are _ installed 
horizontally. The eight 10kQ resistors 


71054 #1 command register 


71054 #2 CTRO - variable C/A-code delay 

71054 #2 CTRO - GPS /6139 or GLONASS /4500 clock 
71054 #2 CTRO - data 2,6 accumulator 

71054 #2 CTRO - command register 


WRITE byte to look-up table 


are in a single 9-pin SIL package. The 
capacitors are ceramic except the 
100.F tantalum, and all have a spacing 
of 5mm. 


The 74HC4040 should NOT be 
replaced by the standard 4040 device, 
since the latter is too slow for correct 
operation in this circuit. To allow for 
troubleshooting it is recommended that 
at least the two 71054 counters and the 
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co 
43256 RAM are installed in good 
quality sockets. The speed of the AM is 
unimportant, since even the slowest 
150ns static Ram devices are fast 
enough for this project. 


The dedicated DSP hardware module is 
inserted in the DSP computer bus with 
a 64-pole Eurocard A+C connector. 
The remaining connectors include a 
5-pin socket for the IF input signal and 
clock, a 4-pin socket for the GLONASS 
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PLL modulus control and an 8-pin 
socket for the interrupt selection. All of 
these are made from parts of good 
quality IC sockets. 


The dedicated DSP hardware module 
requires no alignment or setting up. 


(to be continued) 


Details of kits and PCB's for this 
project appear on page 127 of this issue 


VHF COMMUNICATIONS PROJECTS 
KITS AVAILABILITY UPDATE 


Kit Issue 
DC8UG-PA 3/94 


Description 


5W PA for 13cm 


Price 


£266.00 


Item No. 
06938 


Complete kit with LP's 


DJ8ES-019 4/93 


DJ8ES-201 2/94 


DB6NT-OO1 4/93 


28/144 Transverter 
13cm FM ATV Exciter 


Wideband Measuring Amplifier 


06385 £139.00 


06388 £ 70.00 


06382 £ 65.00 


KM Publications, 5 Ware Orchard, Barby, Rugby, CV23 8UF 


Tel: (0)1788 890365 


Fax: (0)1788 891883 


Email: 100441,377@compuserve.com 
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Matjaz Vidmar, SS3MV 


A DIY Receiver for GPS and 
GLONASS Satellites 


Part-6 


This part of the series continues with 
the construction details for the GPS/ 
GLONASS Portable Receiver CPU, 
the 8-key Keyboard, the LCD Display 
Module and the Power Supply and 
Reset circuitry. Suggested mounting 
arrangements for the various mod- 
ules are also discussed. 


4.11 GPS/GLONASS Portable 


Receiver CPU 


The GPS or GLONASS receiver de- 
scribed in this series can be built as an 
interface for the DSP computer [1] and 
[2], or as a stand-alone portable re- 
ceiver. In the latter case the receiver 
needs its own microcomputer with a 
keyboard and an [CD display. After 
considering several possible alterna- 
tives, the simplest solution resulted in 
using a suitably modified CPU board as 
described in [1] and [2] as the micro- 
computer. 


The circuit diagram of the modified 
CPU board is shown in Figs.46 and 47, 
Since a GPS or GLONASS receiver is a 


portable unit, the power consumption is 
an important factor and consequently 
74HICxx logic devices should be used 
everywhere. This allows for the omis- 
sion of three 3.3 kQ pull-up resistors. 
The original DSP computer CPU board 
requires the following modifications: 


| The pads below the EPROM socket 
should be connected so that pin-27 
receives the Al4 signal required by 
the 27C256 EPROM. Originally this 
pin is connected to +5V when using 
the 27128 EPROM. 


nN 


The RAM should be increased from 
64 kbytes up to 128 kbytes. This is 
achieved by piggy-back soldering 
two additional 43256 RAM chips on 
top of the existing two RAM chips 
on the CPU board. All pins of the 
additional RAM chips are connected 
in parallel with the existing RAM 
chip pins, except for pin-20 (chip 
select). The two chip-select pins of 
the additional RAM chips are then 
wired to pin-11 (Q4) of the middle 
7411C138 address decoder, 
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Fig.46: CPU Board Circuit Diagram (part-1) 
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Fig.48: GPS/GLONASS CPU, upper side (top view) 


3 An HSCH1001 Schottky diode 
should be connected between pin-11 
(Q4) of the top 741IC138 address 
decoder and the DTACK. signal 
(pin-12 of the 7411CO5), to acknowl- 
edge the additional RAM chips to 
the CPU. 


The keyboard connection remains un- 
changed. The total/partial reset switch 
has a new function with the GPS or 
GLONASS software. In the case of a 
stand-alone portable receiver this input 
should always be left open (+5V)! 


The parallel output port (PD71055 
channel-B) is now used to command 
the HD44780 LCD controller. Since 
there are only 8 output bits available, 
the HD44780 is driven in the 4-bit 
mode - write only. The real-time clock 
chip PD4990 is required by the GPS or 
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GLONASS software and must remain 
in place. The INT7 jumper must remain 
in place for keyboard interrupt requests 
while the INT1 jumper is no longer 
needed, although it may left in place. 


The printed circuit board is not modi- 
fied, as shown in Figs.48 and 49, the 
additions and modifications are fully 
visible on the component location plan 
in Fig.50. The connections of the 8-key 
keyboard and the LCD controller are 
also shown in Fig.50. 

It is recommended that the CPU board 
is tested first, if possible, in a DSP 
computer, and then modified as de- 
scribed above only when it is fully 
tested and working 100%. In particular, 
the CPU board should be tested at 
higher clock frequencies to find any 
defective components. A 10 MHz ver- 
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Fig.49: GPS/GLONASS CPU, lower side (bottom view) 


sion of the MC68010 will usually work 
up to a clock frequency of 15 MHz at 
room temperature, so a 12 MHz clock 
crystal is a safe choice. The GPS or 
GLONASS software does not require 
such a high clock frequency, but the 
accuracy of some measurements is 
higher and the updating of the display 
is faster at higher clock rates. 


4.12 8-key Keyboard 


A portable GPS/GLONASS receiver 
requires a small keyboard to issue 
commands to the computer. Since a full 
ASCII keyboard is impractical for a 
portable piece of equipment, a small 
8-key keyboard was developed for 
portable receivers. 


The circuit diagram of the 8-key kcy- 


board is shown in Fig.51. The 8 keys 
close towards ground, otherwise the 
input lines are held high by pull-up 
resistors. A priority encoder (74HC148) 
is used to encode the 8 keys into 3 bits. 
A double monostable (74HC4538) is 
used to generate the strobe pulse after a 
key is depressed. 


The 8-key keyboard is assembled on a 
small single-sided printed circuit board 
as shown in Fig.52. This printed circuit 
board was designed to fit on the front 
panel of the receiver and carry cight 
square (12 x 12,.7mm) push-buttons. 
The location of the components is 
shown in Fig.53. Due to the space 
constraints all of the components 
should have a low profile and small 
dimensions. The capacitors have a 
2.5mm pin spacing and the resistors are 
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Fig.51: Circuit of the 8-key Keyboard 
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installed horizontally. The 8 x 10 kQ 
resistor network in a SIL package 
should be first soldered in place and 
then bent towards the circuit board..The 
6-pin connector is installed on the back 
- solder side of the board! 


The GPS/GLONASS receiver software 
only accepts ASCII characters from $30 
to $37 as commands, corresponding to 
numerals 0 to 7, These can be gener- 
ated by a standard ASCII keyboard 
with a parallel output, or by suitably 
wiring the 8-key keyboard described. In 
particular, to obtain the codes between 
$30 and $37, the outputs DO, D1 and 
D2 should be wired to the correspond- 
ing inputs on the CPU board. In 
addition, D3, D6 and D7 should be 
connected to ground and D4 and D5 to 
+5V. All these connections, including 
the supply rails and the strobe signal, 
were already shown in Fig.50. 


4.13 LCD Display Module 


The only practical for a portable GPS/ 
GLONASS receiver is an LCD module 
with built-in drivers. Such modules are 
available in many different shapes and 


fa [2 [a 


Ia L% Ls Lh 


Cn 
Fig.52: 
8-key Keyboard 
PCB (bottom view) 


sizes, and may or may not be equipped 
with a display controller. LCD modules 
with a built-in controller are easy to 
use, since the interfacing to any micro- 
processor is very simple, it is identical 
to a parallel I/O port. 


Most small dot-matrix alphanumeric 
LCD modules use the Hitachi HD44780 
LCD controller. This integrated circuit 
has an on-board, extended ASCII char- 
acter generator, a display area RAM 
including up to two rows of 40 charac- 
ters each and all of the timing circuits 
required to drive the LCD. Modules 
using the HD44780 controller may have 
a different number of characters per 
tow, or rows displayed, the total 
number of characters is, however, lim- 
ited by the internal RAM to 80. Since 
the HD44780 SMD flat package has 
only 80 pins, additional LCD driver 
chips (11D44100) are used in most LCD 
modules. 


AN LCD module with two lines of 40 
ASCII characters each was selected for 
this project. Such an LCD module 
includes the liquid crystal display itself, 
one HD44780 LCD controller and four 
HD44100 LCD drivers. Further, the 


Fig.53; 

8-key Keyboard 
Component 
Overlay 
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Fig.54: LCD Backlight Power Supply 


display module may include some form 
of illuminating the LCD, either EL foil 
or LED. The latter is recommended if 
the GPS/GLONASS receiver is to be 
used at night as well. 


Although such display modules are 
available from several different manu- 
facturers, the printed circuit boards on 
which they are mounted all have the 
same dimensions: 182mm wide x 33.5 
high x 13mm thick and all have the 
same 14-pin electrical connector. The 
pin numbers are usually marked on the 
printed circuit board and the pin alloca- 
tions are as follows: 


Fig.55; LCD Backlight Power Supply 
PCB (bottom view) 
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Pin-1  Vss 
Pin-2 Vdd 
Pin-3 Vo 

Pin-4 RS 

Pin-5 R/W 
Pin-6 E 

Pin-7 DBO 
Pin-8 DB1 
Pin-9 DB2 
Pin-10 DB3 
Pin-11 DB4 
Pin-12 DB5 
Pin-13 DB6 
Pin-14 DB7 
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Fig.57; Power Supply and Reset Circuit 


The EL or LED back-light may have 
two additional pins on the connector or 
solder pads on the printed circuit board, 


When LCDs are driven in time multi- 
plex the adjustment of the voltage 
applied to the LCD is critical to obtain 
a good contrast. A contrast contro] 
potentiometer is usually provided to 
adjust the best available contrast for a 
given viewing angle. This potentiom- 
cter provides the Vo voltage to the 
LCD module. Modem LCD modules 
require operating voltages of less than 
SV, so the resistor terminals can be 
conveniently connected to ground and 
to +5V, whilst the wiper is connected 
to the Vo input. 


Due to the internal circuits of the LCD 
controller and driver chips, the internal 
LCD ground is Vdd (+5¥V). The voltage 
across the LCD equals the potential 
difference between Vdd and Vo. The 
current through the Vo terminal is very 
small, so a 10 kQ linear potentiometer 


= RESET 


is sufficient for the LCD contrast 


control. 


If using an LCD module with an EL 
foil back-light, a suitable power supply 
needs to be built. The EL foil usually 
requires a supply voltage of approxi- 
mately 110V at around 500 Hz. The EL 
foil behaves electrically as a_ lossy 
capacitor. The voltage across its termi- 
nals affects the amount of light pro- 
duced, whilst the frequency affects the 
colour of the light. 


Fig.58: Power Supply and Reset PCB 
(bottom view) 
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A suitable power supply is shown in 
Fig.54 and includes a power oscillator 
(555), a step-up transformer and a few 
EMI filtering components. For 500 Hz 
operation a conventional mains trans- 
former with a laminated core can be 
used, either 220V/9V or 220V/6V, of 
course with the primary and secondary 
windings interchanged. A 1.2W_ or 


Oraufsicht 


GLONASS |Synthesizer 
{unten} 


oe 
1.5W transformer is usually the small- 


est available, although it is still quite 
large for this application. 


The printed circuit board for the FI. 
foil supply is shown in Fig.55 and the 
component overlay in Fig.56. The 
power drain of the whole circuit is 
about 50mA from a 12V DC power 
supply, when the output is connected to 
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c 

the load. Since the oscillator feedback 
is taken from the output (pin-3 of the 
555), some 555 ICs may not operate in 
a stable way in this circuit. In the latter 
case the solution is to increase the 
oscillator frequency by decreasing the 
100nF capacitor. 


Of course, an LED back-light is much 
casicr to use and usually only requires a 
5C DC supply. 


MENU KEYS - 
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4.14 Power Supply and Reset 
Circuit 


The GPS/GLONASS receiver is  in- 
tended to be operated from a 12V 
battery, with the negative grounded. 
This supply voltage is common to all 
portable and mobile equipment. 


The analogue circuits of the receiver 
are already designed to operate from a 


DISPLAY FUNCTION 
KEY #4 KEY #5 KEY #6 KEY #7 
(CODE $ 34) | (CODE $ 35) (CODE $ 36) |(CCODE $ 37} 
SHOW RX SHOW SHOW SHOW 
CHANNE| IMMEDIATE AVERAGED | StATUS! | 
DATA NAV DATA NAY DATA ALMANAC | 
persbhny SHOW RX SHOW sHow SHOW 
pully CHANNEL #1 | IMMEDIATE AVERAGED GENFRAL 
creeeaia| EA NAV DATA NAV DATA STATUS 


ACTION INCREMENT 

AFTER RX CHANNEL NO 
REPEATED | NUMBER ACTION 
PRESSING 


{2.3.4.1,2.) 


DECREMENT 
CHANNE| 


SATELLITES 
ALMANAC 


AX CHANNELS 
PAN#'CHN#® 


THIS MAY CHANGE! 
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+12VC supply rail, since this voltage 
represents a convenient choice. 


Of course, digital circuits require a +5V 
supply voltage, but besides the +5V 
there are other requirements. A GPS or 
GLONASS receiver should include a 
real-time clock that operates even when 
the receiver is powered down, Simi- 
larly, the almanac data including infor- 
mation about the available satellite 
orbits should be stored in the computer 
memory when the receiver is powered 
down. 


Finally, since the +5V power drain 
amounts to about one half of the total 
power drain of a GPS or GLONASS 
receiver, the +5V supply regulator 
should also have a good efficiency, 
especially in a portable receiver. 


The requirements for the microcom- 
puter power supply are therefore the 
same as for the DSP computer pub- 
lished in [1] and [2]. The original DSP 
computer power supply is however 
about 10 times too large for this 
application, so a scaled-down version is 
shown in Fig.57. The latter includes a 
switching regulator from 12V to 5V, a 
memory (clock) backup battery and a 
very reliable RESET circuit. 


The microcomputer power supply is 
built on a single-sided printed circuit 
board as shown in Fig.58. The corre- 
sponding component location overlay is 
shown in Fig.59. All of the resistors, 
diodes and chokes are installed hori- 
zontally. All of the capacitors have a 
5mm pin lead spacing. 


Several mounting holes and related 
pads are provided for different style 
NiCad batteries. 


Ca 
The power supply is designed for a 
400mA to 500mA load on the +5V 
output. For this load the BD138 power 
transistor does not require a heatsink 
and casily obtained moulded chokes 
can be used in the switching regulator. 


In particular, a 1O0ulT choke with the 
external dimensions of a YW resistor 
will withstand a current of up to 
200mA to 300mA, so two such chokes 
are used in parallel in the switching 
regulator. 


The total power drain when using the 
described power supply and including 
the analogue section amounts to about 
4W for a portable GPS receiver and 
approximately 6W for a GLONASS 
unit, both with the LCD backlight off. 


4.15 GPS/GLONASS receiver 
Module Location 


A GPS or GLONASS receiver includes 
both low-level RF signal amplification 
and processing and very noisy digital 
circuits, so the module location has to 
be selected carefully and some shield- 
ing is required in any case. 


In the case of a GPS or GLONASS 
receiver operating as a peripheral for 
the DSP computer, the RF part of the 
receiver should be built in its own 
enclosure, while the dedicated DSP 
hardware module is plugged into the 
computer bus. Of course, it is assumed 
that the computer already has its own 
shielded enclosure. 


The GPS receiver RF unit needs. no 
additional internal shields among the 
three modules: RF, IF converter and IF 
amplifier. The GLONASS receiver RF 


165 


o 

unit is more complicated and requires 
some shiclding. In particular, the GLO- 
NASS PLL synthesiser logic needs to 
be well shielded from the remaining 
modules: RF, IF converter, IF amplifier 
and PL. converter. 


In the case of a stand-alone portable 
GPS or GLONASS receiver it 
course desirable to have the complete 
receiver packaged in one single enclo- 
sure. It is suggested that this enclosure 
id fabricated from unpainted aluminium 
sheet to have a good electrical contact 
among the various parts. Such a con- 
tainer is made of a rectangular frame 
and two covers installed with self- 
locking screws. 


The frame has an additional internal 
plate that divides the internal volume 
into two sections, shielded both from 
the outside and each other. One of the 
sections is used for the noisy digital 
circuits and the other for the low-level 
RF stages. 


Non-interfering modules, such as the 
keyboard and the power supplies, may 
be installed in either section. 


The suggested module location for a 
portable GPS receiver is shown in 
Fig.60. The suggested dimensions are 
200mm wide x 160mm deep x 80mm 
high. 


‘The internal plate is installed at a 
height of 30mm, so that the digital 
section has a volume of 200mm x 
160mm x 50mm (top) and the analogue 
section a volume of 200mm x 160mm x 
30mm (bottom). The internal plate is 
screwed onto the frame on all four 
sides with many screws to ensure a 
good electrical shielding. 
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The two modules with 64-pin Hurocard 
connectors are installed on a short bus 
motherboard with just two female con- 
nectors with the corresponding pins ticd 
together. The bus can be made by 
cutting a picce of the DSP computer 
bus board, or by simply installing two 
connectors on a piece of a universal 
board with holes in a uniform 0,1 pitch, 


The connections between the analogue 
and digital units do not require 
feedthrough capacitors if they are 
routed carefully, away from the sensi- 
live or very noisy components, Some- 
times it is also of benefit to additionally 
ground the coaxial cable shields when 
crossing the internal screen. 


The suggested module location for a 
portable GLONASS receiver is shown 
in Fig.61. The suggested dimensions 
are 240mm wide x 160mm deep x 
80mm high. 


‘The internal plate is installed at a 
height of 30mm, so that the digital 
section has a volume of 240mm x 
160mm x 50mm (top) and the analogue 
section 240mm x 160mm x 30mm 
(bottom). As with the GPS receiver the 
internal screening plate is screwed onto 
the frame on all four sides. 


In addition, there is a small shield 
between the RF module and the re- 
maining modules in the analogue sec- 
tion. On the other hand, in the GI.O- 
NASS receiver the computer power 
supply is installed in the digital section, 
together with the PLL synthesiser logic. 


A list of PCBs and kits for this project 
can be found on page-19] of this issue 


(References for this project can be 
found overleaf) 
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A DIY Receiver for GPS and 
GLONASS Satellites 


Part-7 (conclusion) 


In this the final part of this project 
the Receiver Software is described, 
detailing the Real-Time tasks, Main 
Program-Loop tasks and the Soft- 
ware Menus and Commands. 


Ss; 
GPS & GLONASS RECEIVER 
SOFTWARE 


§.1 GPS/GLONASS Receiver 
Software Overview 


Satellite navigation is one of the first 
applications that totally depends on the 
availability of suitable computers and 
the corresponding software. Although 
initially the digital computer was only 
intended to solve the navigation equa- 
tions, other tasks were being gradually 
added to simplify the hardware in front 
of and behind the computer itself. In 
the GPS/GLONASS receiver described 


194 


even most of the signal processing is 
performed in software, just to keep the 
analogue front-end and dedicated DSP 
hardware as simple as possible. 


The software running in a GPS or 
GLONASS receiver is therefore very 
complex and includes a variety of very 
different functions. For example, digital 
signal processing requires quick but 
simple integer arithmetic, while solving 
the navigation equations requires high 
accuracy floating-point arithmetic. The 
latter does not need to be as quick as 
the former signal processing, but a 
considerable number of operations still 
need to be performed in a limited 
amount of time. 


To make a fair comparison one should 
consider the development time for the 
hardware and for the software. 


In the case of the navigation receiver 
described here, the software required 
between twice and three times as much 
time to develop than the hardware! 
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Unfortunately, it is much more difficult 
to describe the software down to the 
smallest detail than it is the hardware. 
For the hardware one can draw the 
circuit diagrams and prepare detailed 
parts lists, On the other hand, detailed 
descriptions of the software tend to 
become boring and minor details tend 
to hide the real problem being solved. 


Therefore, only the major functions 
performed by the software will be 
described in this article. These include 
signal acquisition and processing, alma- 
nac and precision ephemeris data col- 
lection, time and frequency measure- 
ments, solving the navigation equations 
and data display in a suitable format for 
the user. At the end the user interface, 
display menus and user commands will 
be described in detail. 


The overall software is written in 
different languages duc to the differing 
functions to be performed: MC68010 
assembly language, DSP computer 
high-level language and even directly 
in machine code. 


The digital signal processing software 
is written in the MC68010 assembly 
language. The corresponding file has 
the extension .ASM. This file is first 
compiled into machine code and then 
into hexadecimal format, so that it can 
be easily inserted in the DSP computer 
high-level language. 


The orbital mechanics and navigation 
equation part is written in the DSP 
computer high-level language, The lat- 
ter supports a floating-point format with 
a 32-bit mantissa and 16-bit exponent. 
A 32-bit mantissa is generally sufficient 
considering the accuracy of the data 
obtained from the GPS or GILLONASS 
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satellites. The corresponding file has an 
extension .SRC and can be compiled 
into a .EXE file and executed on a DSP 
computer equipped with the described 
dedicated DSP hardware board, but 
with an unmodified CPU board! 


In a portable GPS/GLONASS receiver 
all of the software is stored in a 
27C256 EPROM. The latter includes a 
starting program, the high-level lan- 
guage compiler and a version of the 
-SRC file with all of the comments and 
unnecessary symbols removed. 


When the portable receiver is turned on 
the program is compiled in the RAM. 
This operation takes around 10 seconds 
and is necessary to save EPROM space, 
since the compiled program in the 
RAM takes around 100 kbytes. 


The present discussion applies to the 
current software versions V122 (GPS) 
or V39 (GLONASS), When running the 
software on a DSP computer the type of 
display may be selected by the 
TOTAL/PARTIAL RESET © switch 
while starting the program: switch open 
(TOTAL RESET) selects the LCD, 
while switch closed (PARTIAL RI!- 
SET) selects the CRT display. Of 
course, the LCD can only be selected in 
a stand-alone portable receiver, and the 
corresponding input on the CPU board 
MUST BE LEFT OPEN! 


5.2 Real-Time Tasks: Signal 
Acquisition and Processing 


The signal acquisition and processing 
tasks run under the | kHz interrupts 
requested by the dedicated DSP hard- 
ware module. 
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The tasks include: 


— Multiplexing of the single-channel 
hardware among four different satcl- 
lites, 


— C/A-code synchronisation acquisi- 
tion and tracking, 


— Carrier lock acquisition and track- 
ing, 

— The SO0bps navigation-data demodu- 
lation, 


— Bit synchronisation and frame syn- 
chronisation with parity check 


— Averaging of the measured code 
phase, code rate and carrier fre- 
quency. 


After an interrupt request is received 
from the dedicated DSP hardware, the 
interrupt-servicing routine will first 
latch the contents of all the counters in 
the dedicated hardware. It will then 
read the latched content and reset and 
arm the interrupt request flip-flop. The 
hardware counters are never reset. The 
actual integrated value is computed 
from the difference between the actual 
counter content and the previous sam- 
ple content. The four differences are 
further normalised using the result from 
the reference lms divider. Finally, the 
interrupt-servicing routine also incre- 
ments a 32-bit millisecond counter, 
which is later used to relate the meas- 
urements to the 50bps navigation data. 


‘The single-channel hardware is multi- 
plexed among all of the satellites 


received, However, due to the limita- 


tions of the hardware, switching to 


another satellite will corrupt one milli- ° 


second of data. Therefore, the basic 
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multiplexing period includes one milli- 
second to switch the hardware followed 
by 8 milliseconds to collect the data 
from a given satellite. After this 9 
millisecond period the hardware is 
switched to another satellite. The multi- 
plexing rate is therefore 111 hops per 
second. 


The multiplexing rate and especially 
the multiplexing sequence have to be 
chosen carefully. The navigation data is 
transmitted at a speed of SObps, so one 
bit is 20ms long and lasts exactly 20 
interrupt periods, If the navigation data 
is to be collected from a given satellite, 
then this satellite should get at least a 
few lms samples of data from each 
20ms bit period. Further, the multiplex- 
ing period should not be an integer 
submultiple of the bit period, so that 
the bit transitions can be detected. 


Considering the limitations of the sin- 
gle-channel hardware, the multiplexing 
sequence can not allow the collecting 
of navigation data from more than two 
satellites at a time. In practice, since 
four satellites need to be received for a 
navigation solution, the navigation data 
can only be collected from a single 
satellite at a time using half of the 
single-channel hardware time. The re- 
maining hardware time is split among 
the remaining three satellites. The 
privileged satellite that gets more hard- 
ware time of course needs to be 
periodically exchanged to allow collect- 
ing of the navigation data from all four 
satellites. 


There is yet another constraint on the 
multiplexing sequence. If a certain 
satellite only gets a few sampling 
periods, then false locks of the carrier 
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recovery loop become very likely. In 
order to avoid this, the following 
multiplexing sequence is used in the 
GPS/GLONASS | receivers in this 
project (1 = privileged satellite; 2,3 & 
4 = others): 


121213141412131314 
121213141412131314 


The complete multiplexing sequence 
therefore repeats after 18 multiplexing 
periods or 162 milliseconds. 


The C/A-code synchronisation is al- 
ways obtained from the signal magni- 
tude obtained from the dedicated hard- 
ware. The signal phase information is 
intentionally not used for this purpose 
since the carrier phase lock is a much 
more critical operation. Therefore, for 
the C/A-code synchronisation, the early 
and late magnitudes are computed from 
the related I and Q sums for every 1ms 
accumulation period. These sums are 
then averaged over the 8 milliseconds 
containing valid data in a 9 millisecond 
multiplexing period. 


The initial state of the receiver is 
unlocked and the C/A-code synchroni- 
sation has to be obtained first. The 
hardware variable delay will therefore 
be scanned through all possible C/ 
A-code phases (1023 for GPS and 511 
for GLONASS) by incrementing the 
variable-delay counter in suitable steps 
(6 for GPS and 9 for GLONASS). 
When a signal magnitude above 
threshold is detected, the software 
switches to the synchronisation main- 
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taining routine. A suitable time-con- 
stant is built-in to prevent the loss of 
lock on short signal interruptions. In the 
synchronisation-tracking mode, the 
software performs as a second-order 
phase-locked-loop, computing the C/ 
A-code phase and rate from the meas- 
ured early-minus-late difference. 


The signal carrier still includes the 
SObps 0/180 BPSK navigation data, so 
a Costas-loop demodulator is required 
to obtain both the regenerated carrier 
for Doppler measurements and the 
5O0bps navigation data. The Costas-loop 
demodulator operates on cvery Ims 
signal sample I and Q components 
computed as an average on the early/ 
late data. The loop feedback is a 
second-order network computing the 
carrier phase and frequency. 


The cartier-lock operation is not sim- 
ple. Initially, the whole frequency range 
from -500 Hz to +500 Hz is scanned. 
To prevent false locks, the scanning is 
stopped only when the residual loop 
error becomes small enough. Finally, 
the locking point needs to be checked 
for the +/-500 Hz, ambiguity caused by 
the 1 kHz sampling rate. The. latter 
ambiguity is resolved by counting the 
number of transitions in the demodu- 
lated data stream in every 8 millisec- 
onds of valid data in a multiplexing 
period. Since valid GPS data only has 
transitions every 20ms (GLONASS 
every 10ms), there can be at most one 
transition in 8ms of data. If the fre- 
quency is wrong, there are at least six 
transitions and this can be detected 
easily. 


Of course, the phase of both code and 
carrier PLLs need to be adjusted for the 
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following multiplex period, accounting 
for all of the time spent by the 
hardware processing the signals from 
the other satellites. In a navigation 
receiver the code phase and the carrier 
frequency are the main parameters to 
be measured, and these are supplied by 
the corresponding phased-locked loops. 
In addition to this, the code rate is also 
used by the software to compute a 
rough approximation for the carrier 
frequency and eliminate the ambiguity 
caused by the 1 kHz signal sampling 
rate. Before further processing, the 
code phase, code rate and carrier 
frequency are averaged over 16 multi- 
plexing periods corresponding to a time 
span of 288ms (privileged satellite) or 
864ms (other satellites), The averaged 
measurements are placed in a FIFO 
memory together with lms time tags to 
be read by the main program. 


The last task performed by the interrupt 
routine is navigation data processing. 
The latter includes yet another PLL for 
bit synchronisation. This PLL locks on 
the transitions in the data stream. The 
demodulated Ims samples containing 
the transitions are rejected, while all of 
the other available samples for a given 
satellite are accumulated into bits 
(GPS) or half-bits (the GLONASS 
Manchester phase is not known yet). 


The following navigation data process- 
ing depends on the data format and this 
is slightly different between GPS and 
GLONASS. The GPS data is formatted 
into 30-bit words containing 24 true 
data bits and 6 parity-check bits. The 
word synchronisation is obtained by 
checking the parity bits, including the 
last two bits of the previous word, for 
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any possible word phase. The BPSK 
polarity ambiguity is also resolved by 
the parity bits. The synchronised and 
checked GPS data words are placed in 
another FIFO memory together with 
lms time tags, to be read by the main 
program. 


The GLONASS data is formatted into 
lines with 85 data bits in Manchester 
format and a non-Manchester sync 
pattern, for a total duration correspond- 
ing to 100 bits. The sync pattern is not 
used in the GLONASS receiver in this 
project. The synchronisation is obtained 
by checking the 8 parity bits for. any 
possible half-bit phase (200 possible 
phases), to resolve the Manchester 
phase ambiguity as well. Since the data 
bits are differentially encoded, there is 
no polarity ambiguity to be resolved. 
Like in the GPS receiver, the correctly 
received data lines are placed in an- 
other FIFO memory, together with lms 
time tags, to be read by the main 
program. , 


5.3. Main Program Loop Tasks 


Since most of the functions performed 
by the main program loop require 
high-accuracy floating-point arithmetic, 
the main program is mainly written in 
the DSP computer high-level language. 
Of course, all of the interfaces to the 
interrupt routine and to the various 
peripherals (initialisation of the dedi- 
cated DSP hardware, LCD drive and 
the real-time clock chip) are at least 


‘partially written directly in the 


MC68010 machine code and are in- 
serted in hexadecimal format in the 
main program source code. 
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The main program loop executes once 
for every new set of averaged measured 
data. The latter is available every 864 
milliseconds for the three satellites that 
get less hardware time. The privileged 
channel supplies three separate sets of 
averaged data in the same time period, 
but the excess data is not used by the 
main program loop. 


The main program loop also updates 
the LCD or writes a new line on a CRT 
display. The internal operation of the 
program is however independent of the 
selected menu on the display. The 
menu only affects the keyboard func- 
tions and some computations closely 
related to the format of the displayed 
data, like coordinate conversions. 


The first task of the main program loop 
is to write the look-up tables in the 
dedicated DSP hardware memory. This 
operation is done at receiver power-up, 
when changing satellites, when adjust- 
ing the carrier frequency (in 1 kHz 
steps) or when switching the privileged 
satellite, The satellites can be selected 
manually, but usually the software is 
set to automatically select visible satel- 
lites. 


When a given satellite is selected, the 
receiver requires some time to lock on 
its signal. The software will first look 
for all possible C/A-code phases. If the 
lock is not achieved, the main program 
loop will change the hardware look-up 
table frequency in 1 kHz steps in a 
given frequency range (20 kHz in the 
GPS receiver, or 25 kHz in the GLO- 
NASS receiver). Of course, the look-up 
table frequencies for all four satellites 
can also be preset manually. 


<a 
The look-up tables are rewritten when 
switching the privileged satellite for 
several reasons. When all four satellites 
have been acquired this happens every 
minute, synchronised to the major data 
frames transmitted every 30 seconds 
from both GPS and GLONASS satel- 
lites. Since switching the privileged 
satellite includes some loss of data, 
other operations that corrupt the data, 
like rewriting the look-up tables, may 
be performed at the same time without 
any additional losses. The look-up ta- 
bles are rewritten to correct for large 
variations in the Doppler shift or local 
reference oscillator drift. Further, the 
new look-up tables are rewritten with a 
randomly chosen phase relationship be- 
tween the carrier phase and code phase, 
to avoid any possible interference be- 
tween the carrier and the code when 
averaging the measured data over a 
longer period of time. 


The main loop will then process all of 
the navigation data accumulated in the 
corresponding FIFO memory. The soft- 
ware looks for the frame syne and 
formats the data into frames. Additional 
checks are made before the formatted 
data is used. Correctly received frames 
are used to collect the precision 
ephemeris orbital data for the given 
satellite, to update this almanac con- 
taining Jess accurate data about the 
whole satellite navigation system and to 
set the GPS/GLONASS receiver real- 
time clock chip. 


The next task is to collect the code 
phase and carrier frequency measure- 
ment results from the corresponding 
FIFO memory. The most recent data is 
always used together with the previous 
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sample to relate all of the data to a 
single time point using linear interpola- 
tion. This simplifies the following com- 
putations, since the positions and ve- 
locitics of all four satellites need to be 
calculated for a single point in time. 


The measured data and the satellite 
positions and velocities (computed from 
the precision ephemeris data) are then 
assembled into the navigation equa- 
tions. A set of three time-difference 
navigation equations is obtained from 
code-phase differences and another set 
of three Doppler-difference navigation 
equations is obtained from  carrier- 
frequency differences. 


The time-difference navigation equa- 
tions are solved first, using the Newtons 
method. The starting point is taken in 
the Earths centre (x=y=z=0). From this 
starting point the Newtons method 
requires between three and four itera- 
tions to converge to the final result for 
a user located on the Earths surface. 
The result in Cartesian coordinates 
x,y,z is then converted to longitude, 
latitude and height. 


The position obtained may now be 
corrected for the propagation anomalies 
in the ionosphere and troposphere. The 
present software does not apply any 
correction for the ionosphere. The navi- 
gation equations are only corrected for 
the troposphere at the calculated height 
and the Newtons method is iterated 
once again to obtain the final result. 


Since the position is already available 
from the time-difference navigation 
equations, the Doppler-difference navi- 
gation equations are solved to obtain 
the velocity of the user. Solving the 
Doppler-difference equations for the 
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velocity does not require a numerical 
iterative method, since the equations 
result linear for this unknown. The 
computed velocity vector is converted 
into magnitude, azimuth and elevation 
on the display. 


The accuracy of the navigation solution 
depends on the geometry of the satel- 
lites. In place of the GDOP the soft- 
ware only computes the determinant of 
the linearised system of equations at the 
calculated position. This determinant is 
a dimensionless quantity. The higher 
the determinant, the more accurate the 
solution. If the determinant is too low, 
an error condition is signalled. The 
Doppler-difference equations have the 
same determinant if solved for velocity. 


The main program loop also performs 
data averaging. Both position and ve- 
locity are averaged. Only good data 
with no error signalled is added to the 
average. The determinant of the system 
of equations is used as a weight for 
each new data set added to the average. 
Of course, the averaging buffer may be 
manually reset if desired. 


The display includes several different 
menus and two of them are devoted to 
the immediate and averaged data. The 
position may be displayed in different 
formats: degrees only, degrees, minutes 
and seconds or Gauss-Krueger rectan- 
gular grid, Other menus are used to 
show the receiver status and the alma- 
nac data. 


Finally, the main program loop usually 
also performs an automatic satellite 
selection. This function is triggered if 
an error condition is signalled continu- 
ously for a certain period of time (100 
main loops). The software then uses the 
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almanac data and the real-time clock to 
find the visible satellites at the aver- 
aged user location. The receiver is then 
programmed for the four visible satel- 
lites with the highest elevations in the 
sky. Although this procedure docs not 
yield the best GDOP its operation is 
foolproof. 


5.4 Software Menus and 
Commands 


Since a portable GPS/GLONASS re- 
ceiver only has a small keyboard with a 
few keys and a small alphanumeric 
display, the various user commands 
need to be arranged into several differ- 
ent menus. 


The keyboard has eight different keys, 
four of them (corresponding to ASCII 
characters 4, 5, 6 and 7) are used to 
select the four main menus. Depressing 
these keys only changes the content of 
the display and the functions of the 
other keys, but does not affect the 
intemal operation of the GPS/GLO- 
NASS receiver. Some of these keys 
have additional functions if depressed 
more than once. Depressing key 4 
cyclically shows all four virtual re- 
ceiver channels (satellites) on the dis- 
play. Depressing key 7 cyclically shows 
the general receiver status and the 
almanac data for all currently visible 
satellites. 


The remaining keys (ASCII 0, 1, 2 and 
3) are called parameter keys. Depress- 
ing these keys affects the internal 
operation of the GPS/GLONASS re- 
ceiver as a function of the current 
menu. The mode of operation of these 
keys is also dependent on the actual 
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menu. Some functions allow a repeated 
action of these keys during just one 
main program loop (864ms), like set- 
ting the channel IF. Other functions are 
intentionally slowed down, like the 
total reset of the receiver. The latter 
Tequires depressing the corresponding 
key for at least 9 times and just one 
entry is allowed for each main program 
loop, to avoid unintentional loss of 
data. 


In order to understand the commands of 
a GPS/GLONASS receiver it is neces- 
sary to understand the internal opera- 
tion of the latter. A GPS/GLONASS 
receiver includes a non-volatile RAM 
to store the almanac data and a real- 
time clock that are always powered by 
a small internal NiCd battery. The 
non-volatile RAM is used to store the 
almanac data and the approximate user 
position as a result of a previous 
receiver operation. At power-up this 
data is used together with the real-time 
clock data to find all visible satellites 
and speed-up the acquisition of four 
usable satellite signals. 


When a GPS or GLONASS receiver is 
first powered up, all of the non-volatile 
RAM contains random data and a total 
reset is required. The total reset erases 
all almanac data and puts the receiver 
in the manual] satellite select mode. All 
receiver virtual channels are sct to a 
central carrier frequency and a GPS 
PRN#16 or GLONASS CTIN#13. The 
menu 4 is selected to show the virtual 
channel #1 data. 


The initial satellite signal acquisition 
without any almanac data may take a 
large amount of time, especially in a 
single-channel receiver. The receiver 
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does not know which satellite to look 
for not its frequency offset caused by 
the Doppler shift and by the unknown 
frequency drift of the receiver itself. 
The current software for the GPS/ 
GLONASS receiver in this project is 
not able to select different satcllites 
automatically without any almanac 
data, so this has to be done manually. 


After manually selecting the satellite(s), 
the software is going to try to achieve 
C/A-code lock. If the latter does not 
occur on the given IF frequency, the 
receiver is going to scan the expected 
IF frequency range in 1 kHz steps by 
writing the corresponding look-up table. 
Only the privileged satellite IF is 
scanned in the range from 2310 kHz to 
2330 kHz (GPS) or from 1675 kHz to 
1700 kHz (GLONASS). 


While searching for the initial signal 
acquisition there is a small difference 
between the GPS and GLONASS re- 
ceivers. The GPS constellation is now 
complete and more than four visible 
satellites can be found at any time, so 
the GPS receiver is only going to 
switch the privileged channel after a 
satellite signal is acquired, On the other 
hand, the GLONASS constellation is 
not complete and sometimes there is 
just one visible satellite, so the GLO- 
NASS receiver is going to try a 
different virtual channel with a differ- 
ent satellite if the current privileged 
satellite was not acquired, 

After a satellite signal has been ac- 
quired, the key 4 menu shows the most 
important receiver parameters: 


RX: virtual channel number 
SV: GPS satellite PRN code 
number 
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CH#: GLONASS satellite RF channel 
number 
CE: look-up table preset central IF 


frequency (kHz) 


R: measured IF frequency (kHz, 
from code rate) 

S: signal level (S-meter) 

SVH: _ satellite health flag (O=OK) 


URA: GPS user range accuracy (m) 

ASF: | GPS anti-spoofing flag 
(O=OFF) 

En: GLONASS ephemeris upload 
age (days) 

AOE: GLONASS ephemeris age (S) 


If the receiver has been turned on for 
the first time, or has not been used for a 
considerable period of time (more than 
one week), the best thing to do is to 
collect the complete almanac data first. 
To speed-up the almanac data collec- 
tion it is recommended that the remain- 
ing three receiver virtual channels are 
set to the same satellite and to the same 
IF frequency as the channel that already 
acquired a satellite. After all four 
virtual channels achieve data lock, the 
almanac data collection takes 12.5 
minutes for GPS or 5 minutes for 
GLONASS, since the GLONASS re- 
ceiver does not make use of half of the 
almanac frames. 


The accumulated almanac data can be 
checked by repeatedly pressing key 7. 
The almanac data includes the satellite 
name/number plus the following infor- 
mation: 


CH#: GLONASS RF channel number 

EL: elevation (degrees) , 

AZ; azimuth (degrees) 

DF: Doppler frequency shift (ITz, 
polarity as in the IF) 
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A/E: | GPS almanac/precision 
ephemeris data 


- SVH: - satellite almanac health flag 
(GPS 0=OK; 
GLONASS 1=OK) 
ASF: — GPS anti-spoofing and 
configuration flag 
UTC: UTC date and time 


The clevation, azimuth and Doppler 
shift are computed for the reference 
user position as obtained from the 
averaged data. After a total reset this 
reference position is set in central 
Europe. Checking the almanac it is 
possible to find out when the receiver 
can be switched to automatic satellite 
selection. In the automatic satellite 
selection mode, the program selects the 
four satellites with the highest eleva- 
tions and sets the corresponding central 
IF values in the hardware look-up 
tables. This selection can be done 
immediately by pressing key 0 in menu 
7, or by switching the program to do 
this automatically after a period of bad 
data (key 3 in menu 7). 


After four satellites have been acquired 
the display may be switched to menu 5 
or 6 to show respectively the immediate 
or averaged data. 

These menus show the following: 

DET: determinant of the system of 
equations (menu 5 only) 


AVG: averaging weight (menu 6 
only) 

V: velocity vector magnitude 
(km/h), azimuth and elevation 

LAT: _ latitude (degrees or n, north) 

LON: longitude (degrees or m, east) 


H: height above ellipsoid (m) 


+ 
At the beginning of all menus (except 
the almanac) the receiver status error 
codes appear, These codes show the 
general receiver status, the current 
privileged virtual channel and the status 
of the single virtual channels. Most of 
the codes used are obvious, but three of 
them require further explanation. In the 
general receiver status code P means 
that the computed position deviates too 
much from the previous main program 
loop. On the other hand, code E is only 
activated after the averaging weight 
gets larger than 5, and means that the 
equations themselves deviate too much 
from the already computed. average 
position. Finally, code T in the virtual 
channel status appears quite frequently 
since the current software does not 
handle the overflow of the C/A-code 
variable-delay counter correctly. 


Finally, the general status menu (key 7) 
shows some interesting data about the 
receiver; the satellites currently se- 
lected, AUTomatic or MANual satellite 
selection, the measured nominal IF 
frequency of the receiver (without the 
Doppler shift), the measured receiver 
master oscillator frequency and the 
UTC date and time. 


6. 
CONCLUSION 


The GPS and GLONASS systems are 
mainly intended for navigation, but 
there are many other less advertised but 
not less important, not less interesting 
applications of these systems. Since 
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these systems are known and the tech- 
nology to use them is available to 
anyone, we radio amateurs should con- 
sider our own applications of these 
systems [13]. 


Although the navigation itself is not of 
much interest to radio amateurs, it 
would probably make more sense to 
transmit GPS or GLONASS coordinates 
of a contest location, rather than the 
inaccurate EU or WW locator, which is 
already not accurate enough for serious 
microwave or laser communications. 
By the way, GPS and GLONASS use 
almost the same coordinate system and 
a long time average shows differences 
of the order of only 10m between the 
systems. 


A side product of both GPS and 
GLONASS is accurate time and fre- 
quency broadcast. In order to achieve 
the specified navigation accuracy the 
timing measurements have to be per- 
formed to an accuracy of about 10ns. 
The same requirement applies to the 
on-board satellite atomic clocks. The 
final user time transfer accuracy ranges 
between 30ns and 100ns, depending 
also on the knowledge of the exact user 
location. Thus the user should also 
compute his position even if he only 
needs accurate time 


Radio amateurs could use this time 
transfer capability of both GPS and 
GLONASS every time when accurate 
synchronisation is required, Coherent 
communications are just an cxample, 
the accuracy of GPS or GLONASS 
offers more than this. For example, the 
actual propagation path of the radio 
signal and the propagation mechanism 
could be investigated in this way. 
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The frequency broadcast accuracy of 
both GPS and GLONASS is in the 
range of 10-12, far better than can be 
achieved with HF or LF standard 
frequency transmitters. The accuracy of 
the latter is limited to around 10-7 by 
the propagation effects alone, and this 
is not enough for serious microwave 
work. GPS and GLONASS are also 
available globally 24 hours per day and 
are not limited by the transmitter range. 


Finally, GPS and GLONASS represent 
a step away from being just an operator 
of black-box amateur radio equipment. 
Although there are several ready-made 
GPS receivers on the market we will 
probably have to develop our own 
receivers for our experiments, both the 
hardware and the software. Building 
such a receiver may be an interesting 
challenge as well. The receiver shown 
in this article is perhaps just the first 
step, other related projects or better 
receivers will follow soon. 


This completes this construction 
project, although the editor feels certain 
that further articles on the subject in 
general and this project in particluar 
may appear in future issues. 


A complete list of all literature refer- 
ences follows on the next page. 


A complete list of kits and printed 
circuit boards for this project appears 
on page-255 of this issue. 
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Tips, Improvements and Corrections 


DIY Construction of a Receiver 
for GPS and GLONASS 
Satellites by Matjaz Vidmar 
S53MV; Issues 1/94 to 4/95 


For those having difficulty obtaining a 
suitable display module, the Philips 
LBN 244F-90 (with LED rear illumina- 
tion) can be used. 


In diagrams 26 and 28 (1/95) some 
minor errors crept in and are corrected 
in the diagrams overleaf. 


In Fig.38 (2/95) the identification of L2 
is missing on the 100WH inductor next 
to IC CA3089. 


Le 


Fig.26 GLONASS RF Module 


= iF OuTrT 
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In Fig.42 (2/95) the identification of the 
diode HSCG 1001 is missing, it leads 
away from pin-19 of the DTACK IC 
7T4HC245. 

In Fig's.41 and 42 (2/95) and 46 and 47 
(3/95) the logic gates are incorrectly 
drawn. Corrected diagrams are shown 
overleaf. 


Also in Fig.46 (3/95) the crystal is 
shown as 10 MHz instead of 12 MHz. 
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Fig.28: 
GLONASS RF Module 
Component Overlay 
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Fig.46: CPU Board Circuit Diagram (part-1) 
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Fig.47: CPU Board Circuit Diagram (part-2) 
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GPS/GLONASS Receiver 
Hardware and Software Update 


#1 


Since the publication of the series of 


articles about the GPS/GLONASS. re- 
ceiver in UK W-Berichte/YVHF-Commu- 
nications there have been a few modifi- 
cations of the hardware and software of 


these receivers. The original articles 
describe the operation of the GPS 
software V122 and GLONASS software 
V39. The current update describes the 
new GPS software V125 and GLO- 
NASS software 

V42. The new GPS V125 and GLO- 


NASS V42 include the following modi- 
fications: 

(1) Improved internal operation of the 
software. The new software is able to 
handle the overflows of the hardware 
counters correctly thus almost eliminat- 
ing the occurrence of the “T” error. 


(2) Additions to the command set: 


(2.1) In menu #5, key #0 will shift the 
privileged RX channel. 


(2.2) In menu #7, key #0 has a new 
function: in AUT mode it operates as 
before while in MAN mode this com- 
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mand sets the carrier frequencies of the 
currently selected satellites. 


(2.3) In menu #7, key #1 has an 
additional function: the receiver will 
display the Keplerian elements of the 
GPS/GLONASS satellites as decoded 
from the almanac data before entering 
the total RESET sequence. 


(3) A simple bi-directional RS-232  in- 
terface is included, requiring only a few 
additional hardware components to be 
installed in the receiver. 


(3.1) The RS-232 interface output cir- 
cuit is shown on Fig.l]. Because of 
hardware limitations, the bit rate can 
only be set to 1000bps. The output data 
format is a serial asynchronous transmis- 
sion including a start bit, 8 data bits, no 
parity and one stop bit. The output 
signal level ranges from OV to +5V 
only, although these levels are usually 
accepted by most RS-232 receivers, The 
signal polarity is inverted as usual in 
RS-232: OV represents a logical “1” 
while +5V represents a logical “0”. The 
data output matches the LCD display 
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content, the display clear command 
being replaced by a CR/LF combination. 


(3.2) The RS-232 interface input circuit 
is shown on Fig.2. Because of hardware 
limitations, the bit rate can only be set 
to 100bps or 10 times slower than the 
output rate. The RS-232 input can be 
used to issue commands identical to 
those coming from the 8-key keyboard. 
Only ASCII characters “0”, “1”, “2”, 
“37, “4, “5°, “6” and “7” are therefore 
accepted as valid commands. All other 
codes are simply ignored. The data 
format is 8 bits, no parity, one or more 
stop bits. The signal polarity is inverted 
as usual in RS-232. 

Since the PC6 input is now used for the 


RS-232 interface input, it can no longer 
be used to select the display type, CRT 
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or LCD. The latter selection is thus 
pre-set in the software. 


The new receiver software is supplied in 
three files. The .SRC file is intended to 
be compiled and executed on a DSP 
computer, equipped with a GPS/GLO- 
NASS hardware board. The .BIN file is 
a compressed version of the program to 
be burned in a 27C256 EPROM for a 
stand-alone GPS/GLONASS receiver. 


Finally, the .ASM file is only supplied 
as an information about the internal 
operation of the main interrupt routine 
that includes all of the digital signal 
processing. GTERM is a 1000bps RX, 
L00bps TX RS-232 terminal program 
for the DSP computer. 


Fig.1: 
RS-232 Interface 
Output Circuit 
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Fig.2: 
RS-232 Interface 
Input Circuit 
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